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ABSTRACT 
The Sterling Hill zinc deposit is a regionally metamor{)hosed 
stratiform oxide-silicate deposit enclosed in the Procambrian 
Franklin marble.  Spinels, which consist of oriented exsolution 
intergrowths of gahnite (ideally ZnAl 0 ) and franklinite (ideally 
ZnFe O.) were collected at four locations in the Sterling Hill 
mine.  The bulk chemical composition of these spinels and the 
composition of the phases which constitute the intergrowths were 
determined by broad-beam and point analysis, respectively, with 
the electron microprobe.  These data show that the original 
homogeneous high-temperature spinels were as aluminous as F80G20. 
The miscibility gap in the system ZnAl O.-ZnFe 0 was deter- 
mined experimentally by hydrothermal methods.  A series of homo- 
geneous synthetic spinels on the join ZnAl 0-ZnFe 0  , which were 
prepared by dry reaction of the oxides between 1200 and 13 50°C, and 
mechanical mixtures of two synthetic homogeneous spinels with the 
compositions F90G10 and F10G90 were sealed with water in separate 
platinum capsules.  These, in turn, were sealed in gold capsules 
and subjected to PjjpO = 1 Kb in the temperature range 700° to 
900°C for a maximum period of 72 to 11 days, respectively.  The 
oxygen fugacity was controlled by the hematite-magnetite oxygen 
buffer packed between the gold and platinum capsules.  Equilibrium 
was approached from two directions, namely, by exsolution of 
synthetic homogeneous spinels and by reaction of the spinels in 
the mechanical mixtures. 
Integration of the electron microprobe analyses of the natural 
intergrowths with the experimentally determined miscibility gap 
indicates that the minimum peak temperature attained during 
regional metamorphism at Sterling Hill was 760°C. 
Opaque grains associated with large discrete gahnite crystals 
consist of an intimate exsolution intergrowth of magnetite and 
franklinite.  Broad-beam electron microprobe analysis of these 
intergrowths showed that they have bulk compositions of F4 5M55 
and F35M65.  Electron microprobe point analyses of the magnetite 
solid solution in this intergrowth show that it contains about 
one mole percent of franklinite in solid solution and corresponding 
point analyses of the franklinite in these intergrowths average 15 
mole percent of magnetite in solid solution.  On the basis of these 
microprobe data, a hypothetical miscibility gap for the ZnFc O - 
FeFe^O. is proposed. 2 4 
An anisotropic opaque phase with the same reflectivity and 
color as that of franklinite, occurs as 3 sets of exsolution lamellae 
parallel to either the (110) or (111) of the magnetite lamellae in 
the franklinite-magnetite exsolution intergrowths.  Electron 
microprobe analyses of this anisotropic phase show that it has 
a chemical composition close to that of the cubic spinel known as 
jacobsite [(Fe ,QMn  ) 0.)] .  This phase may be expressed as 
. bo  . SZ   3   H 
r    +3 IV    +3    +2 VI   T 
L(Fe  )  (Mn  ,Fe  )  O J which suggests that it may have a distorted 
spinel structure with tetragonal symmetry due to either the Jahn- 
Teller effect and/or cationic ordering in the octahedral sites 
analogous to the structure hausmanite. 
INTRODUCTION 
The Sterling Hill zinc deposit, which occurs in the Precambrian 
Grenville marble belt of the New Jersey Highlands, has been mined 
continuously for more than 50 years.  It has been the subject of 
many scientific studies because of its unique mineralogical composi- 
tion.  Although the common ore mineral of zinc is sphalerite (ZnS), 
sulphides are virtually absent at Sterling Hill.  The primary ore 
minerals at Sterling Hill are oxides, namely, 1) franklinite 
[(Zn,Mn,Fe  )(Fe  ,Mn) 0 ], 2) willemite (Zn SiO ), and 3) zincite 
(ZnO). 
Recent ideas concerning the genesis of this deposit range from 
a metasomatic (hydrothermal-igneous) origin (Ries and Bowen, 1922; 
Ridge, 1952; Takahashi and Myers, 1963) to a syngenetic (primary 
sedimentary) origin for the heavy metals (Callahan, 1966; Metsger, 
et al., 1969; Frondel and Baum, 1974; Squiller and Sclar, 1976).  In 
the latter view, metals such as Zn, Fe, and Mn, were presumably 
deposited on the sea floor as gel-like hydrous oxides and/or car- 
bonates as part of a carbonate mud sequence.  The metal-bearing 
sediments were subsequently folded and recrystallized during high- 
grade regional metamorphism and are now represented by zinc-rich 
stratiform deposits within the Franklin marble.  Squiller (1976) 
suggested that the franklinite-zincite-willemite assemblage which 
constitutes the ore at Sterling Hill, developed by dedolomitization 
of a primary heavy-metal dolomite during regional metamorphism 
coupled with local reaction between some of the newly formed oxide 
with primary silica. 
OBJECTIVES OF THIS STUDY 
Previous work on the Sterling Hill and Franklin ore bodies has 
been focused on the descriptive mineralogy of the unique mineral 
assemblage (Palache, 1929, 1935; Frondel and Klein, 1965; McSween, 
1976; Wilkerson, 1962) and on the complex geological structure of 
the stratiform zinc deposits (Metsger, et al., 1958, 1969; Frondel 
and Baum, 1974).  Quantitative studies on the physical conditions 
of metamorphism such as temperature and pressure are few (Takahashi 
and Myers, 1963; Frondel and Klein, 1965). 
The principal objective of this study was to determine the 
minimum temperature which prevailed during the climax of regional 
metamorphism to which the Sterling Hill zinc deposit was subjected 
by means of the gahnite-franklinite intergrowths which occur in the 
deposit.  These intergrowths represent a once homogeneous spinel 
phase which exsolved on cooling into an oriented intergrowth of 
two spinels, namely a gahnite-rich solid solution and a franklinite 
solid solution.  The two spinels are epitaxially intergrown on the 
cube face (100) (Ramdohr, 1969).  The homogenization temperature for 
each of these intergrowths would represent a minimum temperature 
attained during regional metamorphism at Sterling Hill. 
The specific objectives of this study were as follows: 
1) to determine experimentally the sub-solidus phase 
relations in the ideal binary system gahnite 
(ZnAl.,0. )-franklinite (ZnFe.O.). 2 4 2 4 
2) to determine with the electron microprobe analyzer 
the bulk composition of the spinels which consist 
of intergrowths of gahnite and franklinite and, 
wherever possible, the composition of the individual 
phases which constitute the intergrowths. 
3) to define the minimum temperature that prevailed 
during the thermal maximum associated with regional 
metamorphism at Sterling Hill based on the results 
obtained through (1) and (2). 
PREVIOUS INVESTIGATIONS 
The Sterling Hill and Franklin Deposits have been the subject 
of scientific study since the early 19th century.  Scientific 
interest in the deposits was based largely on the unique mineral 
assemblages which do not have counterparts anywhere else in the 
world.  Most published works on these deposits have been directed 
toward descriptive mineralogy. 
Early descriptions of the mines include those of Kemp (1893), 
Nason (1894), Spencer, et al. (i908), Ries and Bowen (1922), and 
Palache (1935) who also gave a bibliography of 294 earlier studies 
ranging through time from 1810 to 19 34. 
6 
Metsger ct al. (1950) described the mineralogical characteris- 
tics and the structural complexities of the Sterling Hill deposit. 
Recent studies on the mineralogy of the deposits include those of 
Frondel (1972), Frondel and Baum (1974), McSween (1976), and 
Squiller (1976) . 
Descriptions of the geologic framework and setting of the 
Grenville metasedimentary sequence include those of Pinger (1950), 
Hague et al (1956), Baker and Buddington (1970), and Dallmeyer 
(1974). 
Recent ideas on the genesis of the zinc deposits are discussed 
by Callahan (1966), Metsger et al. (1969), Squiller (1976), and 
Squiller and Sclar (1976). 
GENERAL GEOLOGY OF THE AREA 
The Sterling Hill and Franklin deposits are enclosed in the 
Franklin marble which is part of the Grenville metasedimentary 
sequence of the New Jersey Highlands (Fig. 1).  The rocks were 
intensely folded and regionally metamorphosed to sillimanite-zone 
rank during late Precambrian time (Hague et al., 1958).  Syntec- 
tonic granites locally intruded the Grenville series.  Partial 
melting of the sediments during metamorphism is suggested by the 
occurrence of migmatites.  Basic dikes of Silurian (?) age are 
present in the area. 
Radiometric ages on zircon (U-Pb) from gneiss in the NJ and 
NY Highlands suggest that the Grenville Orogeny occurred 1060 
KITTATINNY   FM. 
FRANKLIN 
MARBLE 
BYRAM 
GNEISS 
0 
L 
Figure 1.  Geologic Map of the Franklin-Sterling Hill 
Area.  From Frondel and Baum (1974). 
40  39 
million years ago (Dallmeyor ot al., 1975).  Incremental   A/  A 
dating on basement gneisses of the Northeastern Reading Prong 
average 900 my on hornblende, 790 my on biotite.  These ages most 
likely represent stages during cooling of the Grenville rocks. 
Hornblende retains argon below about 525 C and biotite retains 
argon below about 32 5 C. 
The ore bodies were probably exhumed during the late Prccam- 
brian.  An erosional surface is exposed at the north end of the 
Franklin mine and it is overlain by the Hardyston Formation.  This 
oxidized zone contains limonite, hemimorphite, and other secondary 
minerals (Frondel and Baum, 1974).  Detrital franklinite is 
locally present in the lower Cambrian Hardyston Quartzite. 
The Grenville sequence west of the Hudson River was unaffected 
radiometrically (thermally) by Paleozoic metamorphism (Dallmeyer 
et al., 1975).  Frondel and Baum (1974) suggest that the area was 
slightly affected structurally by faulting and minor folding in 
the late Paleozoic during the Allegheniah Orogeny. 
The Hardyston Formation,, a quartzite of early Cambrian age, 
uncomformably overlies the Grenville basement.  This formation con- 
sists of metamorphosed sandstones and conglomerates locally grading 
into sandy dolomite.  The Hardyston is overlain conformably by the 
Cambro-Ordovician dolomites of the Kittatinny Formation.  The local 
stratigraphic column is described in Table 1. 
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THE STERLING HILL ZINC DEPOSIT 
Geological Structure and Mineralogy 
The Sterling Hill deposit has the form of an isoclinal synclino 
o 
with a relatively long east limb and short west limb that dip 55 
east (Fig. 2).  The limbs are joined by.a cross member.  The keel 
of the syncline and the thickened (central) part of the cross member 
have a plunge of 45  N70E (Metsger et al., 1958). 
Structurally, the ore body is complex.  Extreme plastic defor- 
mation is suggested by the structures in both the ore and the wall 
rocks and the ore is even more complexly folded than the surrounding 
country rocks.  It was suggested by Metsger et al. (1969) that the 
ore body, because of its relatively high density compared with 
surrounding Franklin Marble, moved downward during metamorphism and 
that the complex folds were produced as a result. 
The Franklin Marble is a coarse crystalline rock containing 
phlogopite, amphibole, chondrodite, corundum, diopside, and minor 
tourmaline, spinel, and sphene (Frondel and Baum, 1974).  Graphite 
is common in the marble except within five feet of the ore body. 
Locally, parts of the marble have been dolomitized along faults, 
breccia zones, and joints (Metsger et al., 1958). 
+2 
The principal ore minerals include franklinite (Zn,Mn,Fe  ) 
+3 (Fe  ,Mn) 0 , willemite (Zn SiO ), and zincite (ZnO).  Common 
gangue minerals include calcite, tephroite, and rhodonite.  Hague 
et al. (1958) estimated the average composition of the ore mined 
at Sterling Hill as 33% franklinite, 16% willemite, and 1% zincite. 
11 
N 
A 
Figure 2.  Geologic map of the Sterling Hill ore body, from 
Metsger, et al. (1958).  Numbers refer to projections 
of sample locations.  See following page for the 
legend. 
12 
Outer Zincitc - flesh to red willcmite and 
tephroite, zincitc, non-magnetic franklinitc. 
limestone. 
Central Zincitc - similar to outer zone, but 
with magnetic franklinitc in eastern part. 
Black Willemite - black willcmite and 
tephroite, magnetic franklinitc. 
Gneiss - pyroxene, feldspar, biotite, and 
hornblende. 
Pyroxene - limestone, green and brown 
pyroxene, magnetic franklinitc, biotite, 
and garnet. 
Franklinite - limestone and magnetic 
franklinitc 
Graphitic White Marble. 
Brown Willemite - brown to dark brown 
willemite and tephroite, magnetic 
franklinite, and limestone. 
13 
It should bo noted that this is largely a biased fiqurc baned on 
the mining of selected ore. 
Description of Sample Locations 
All the samples which were collected for this study were 
obtained in November of 1977.  Additional samples which were 
collected by Squiller (1976) during the period June 1975-December 
1975 were also used in this study.  Inasmuch^ as the occurrence of 
gahnite is highly restricted in the Sterling Hill deposit, sample 
locations are not statistically random and the samples do not 
provide for a complete coverage of the entire deposit.  However, 
the four sample locations (Fig. 2) in the deposit where either 
gahnite-franklinite intergrowths or discrete gahnite crystals were 
obtained are widely separated and provide reasonable overall coverage 
of the deposit. 
Sample Series Wo. 3, as described by Squiller (1976) is located 
4.5m (15 feet) above the 131 m (430 foot) level.  The samples were 
obtained from the pyroxene zone which constitutes the hanging wall 
of the ore body at the north end of the cross member.  The ore here 
consists of franklinite and willemite grains in a calcite matrix. 
The pyroxene-rich layer at this location consists of calcite, 
diopside, augite, and magnetic franklinite.  Five samples from this 
location, 3-1 through 3-5, were analyzed. 
Sample Series No. 4, which was also described and collected by 
Squiller (1976), is located 6.1 m (20 feet) below the 183 n (600 foot) 
14 
level in the middle of the east limb in the outer zincite zone. 
The footwall of the ore body here is a calc-sil icate zone conjonod 
of calcite, pyroxene, mica, franklinite, rhodonite, and willemite. 
Four samples, 4-7, 4-12, 4-13, and 4-16, obtained from the calc- 
silicate zone were analyzed by Squiller (1976) and re-examined for 
the purposes of this study. 
Series No. 5 is located on the 153 m (500 foot) level approxi- 
mately 12.3 m (40 feet) east along the cross cut from the west limb. 
The rock at this location is white marble which contains diopsidc 
and minor franklinite, biotite, and garnet.  Discrete gahnite 
crystals up to 5 cms in length are common in this rock.  Two samples 
from this location, 5-1 and 5-2, were analyzed. 
Sample Series No. 6 is located along the 1100N Sub-Drift on 
the 183 m (600 foot) level.  The ore at this location consists of 
franklinite, willemite, rhodonite, garnet, and biotite in a calcitic 
matrix.  Gneiss, which consists of pyroxene, feldspar, and biotite, 
is in contact with the ore.  Samples from this location which were 
collected from the ore along the south wall are denoted by two 
digits, 6-1 and 6-2; eight samples obtained along the north wall 
at 2 foot intervals going from west to east are denoted by a digit 
and a letter (6A through 6H). 
THE SPINEL STRUCTURE GROUP OF MINERALS 
Structural Chemistry 
The structural group of minerals termed spinel is known to have 
a great range in chemical composition.  Extensive solid solubility 
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especially at  high   temperature,,   is   the  rule   rather   than  the  cxcei>- 
tion.     Complete  solid  solution   is more  common  within chemical 
groups   such as  the   ferrites,   aluminates,   and manganates.     However, 
miscibility  gaps are  commonly  present   in binary  systems   involving 
two  different  chemical   end members   such as,   for  example,   FeFc O  - 
FeAl„0.   (Turnock  and  Eugster,   1962). 2  4 
Spinels  are  face  centered cubic  and contain  eight   formula 
weights   (AB O   )   per  unit   cell.     The relatively  large oxygen  ions 
(1.4A)   form a  cubic close packed lattice.     Smaller metal   ions 
(0.5-0.8A)   occupy  the  4-coordinated   (tetrahedral)   and 6-ooordinated 
(octahedral)   interstices between  the oxygen  ions.     There  are  sixty- 
four  tetrahedral  and  thirty-two  octahedral   sites per  unit  cell  of 
32 oxygen  ions.     Only one-eighth   (8)   of   the  tetrahedral  and one-half 
(16)   of  the octahedral   sites are   filled with cations.     In  pure 
+2 +3 gahnite,   ZnAl  0   ,Zn       occupies  the  tetrahedral   sites and Al 
occupies  the octahedral   sites.     The tetrahedral  positions  are 
referred  to as the  "A"   sites and  the octahedral  positions  are 
referred  to as  the  "B"   sites,   thereby resulting  in a general   formula 
for  normal   2-3  spinels  of AB 0   .     Both  gahnite  and   franklinite  are 
normal   2-3  spinels.     In  normal  spinels,   the  tetrahedral   "A"   sites 
are   filled with  eight divalent  ions  and  the octahedral   "B"   sites 
are   filled with sixteen trivalent ions.     This results   in a  net 
positive  charge of  sixty-four  which  is  balanced by  thirty-two  0 
ions.     These  spinels  are  referred to  as   "normal   2-3  spinels"   if  the 
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charges of the cations are plus two and plus three, and they have 
the normal cation distribution described above. 
It is possible to have alternative distributions of cations in 
the spinel structure.  A 2-3 spinel may have, for example, an 
"inverse" cation distribution.  Although cations have charges of 
plus two and plus three, the tetrahedral sites are filled with 
eight trivalent cations and the octahedral sites are filled with 
eight divalent and eight trivalent cations.  This again results in 
sixty-four positive charges per unit cell which are balanced by 
32 0  ions.  Magnetite [(Fe  )  (Fe  Fe  )  0.] is a spinel which 
has the "inverse" arrangement.  Inverse 2-3 spinels have the general 
r   IV   VI -i formula |_ (A)  (BA)  04Jf where A and B are trivalent and divalent 
cations respectively. 
It is evident that it is possible to have normal and inverse 
4-2 spinels.  Furthermore, it is important to point out that many 
spinels are neither fully normal nor fully inverse, but may have 
different degrees of inverse or normal character. 
Franklinite-Gahnite Exsolution Intergrowths 
At high temperature, complete miscibility exists in the gahnite 
(ideally ZnAl 0.)-franklinite (ideally ZnFe 0.) binary system.  With 
decreasing temperature, the homogeneous high-temperature spinel 
breaks up into two spinels namely, a gahnite-rich solid solution 
and a franklinite-rich solid solution.  All the samples from 
Sterling Hill which were studied contain gahnite exsolution bodies 
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in a franklinite host.  The exsolved phase is oriented parallel to 
the (100) of the dominant (host) spinel (Ramdohr, 1969). 
Based on the morphology of the exsolved phase, three typos of 
gahnite-franklinite intergrowths may be recognized as follows: 
I. In TYPE A the gahnite forms euhedral inclusions which range 
in size from 20 to 50 microns in diameter.  In polished 
section, these appear to be 4-, 5-, or 6-sided.  Frequently, 
the inclusions are oriented in rows (Figures 3 and 4).  In 
other areas, the inclusions appear to be dispersed through- 
out the host (Figures 5 and 6).  This type of intergrowth 
was also described by Frondel and Klein (1965) and referred 
to as the euhedral type.  The locality of this sample is 
unknown.  Squiller (1976) reported this type of intergrowth 
in Sample Series 4. 
II. In TYPE B, gahnite occurs as minute (2- to 5-micron) euhedral 
to subhedral inclusions (Fig. 7) which may be dispersed 
throughout the host or tend to form oriented rows.  In 
places, the gahnite may be present as two or more sets of 
oriented lamellae (Fig. 8).  No distinction has been made 
here between the lamellar and the subhedral to euhedral 
inclusions.  This type of intergrowth has been previously 
described by Frondel and Klein (1965) and Squiller (1976) . 
III. In TYPE C, gahnite forms an exceedingly fine-grained 
regular oriented intergrowth with franklinite (Fig. 9). 
Squiller (1976) described this intergrowth from Sample 
Series 3. 
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Figure  3.     Photomicrograph of  gahnite-franklinite  exsolution 
intergrowth.     Photomicrograph shows  oriented  large 
(20  to 40  pm)   gahnite   (G)   exosolution bodies   in 
franklinite   (F)   host   (Type A exsolution texture). 
Reflected polarized light.     The length of the bar 
scale  is  140  urn.     Sample  4-12. 
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Figure 4.  Photomicrograph of gahnite-frank1inite exsolution 
intergrowth.  Photomicrograph shows oriented large 
(25 pm) gahnite exsolution bodies in "franklinite" 
host (Type A exsolution texture).  The "franklinite" 
host is a fine-grained exsolution intergrowth of 
franklinite and gahnite.  Reflected polarized light, 
oil immersion.  The length of the bar scale is 25 urn. 
Sample 6-D. 
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Figure 5.  Photomicrograph of gahnite-franklinite exsolution 
intergrowth.  Photomicrograph shows dispersed but 
still oriented large (40 um) gahnite exsolution 
bodies in franklinite host (Type A exsolution 
texture).  Reflected polarized light.  The length 
of the bar scale is 140 ym.  Sample 4-13. 
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Figure 6.  Photomicrograph of gahnite-franklinite exsolution 
intergrowth.  Photomicrograph shows large (25 to 
30 pm) gahnite exsolution bodies in franklinite 
host which itself is an oriented exsolution inter- 
growth of gahnite and franklinite (Type A exsolution 
texture).  Reflected polarized light, oil immersion. 
The length of the bar scale is 20 gm.  Sample 6-2. 
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Figure  7.     Photomicrograph of  gahnite-franklinite  exsolution 
intergrowth.     Photomicrograph shows dispersed 
small   (2 to  5 um)   euhedral  gahnite exsolution 
bodies  in  franklinite host which is  itself a 
gahnite-franklinite exsolution  intergrowth 
(Type B exsolution  texture).     Reflected polarized 
light,   oil   immersion.     The   length  of  the bar 
scale  is   20  urn.     Sample  6-D. 
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Figure  8.     Photomicrograph of  gahnite-franklinite exsolution 
intergrowth.     Photomicrograph   shows  sub-oriented 
small   (2  to   5  uin)   euhedral   to lamellar gahnite 
exsolution bodies  in  franklinite host   (Type B 
exsolution  texture).      In places,   the coalescence 
of euhedral  crystallites  appears   to have produced 
the  lamellar morphology.     Reflected polarized 
light.     The  length of  the bar   scale   is 80  pm. 
Sample  6-1. 
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Figure 9.     Photomicrograph of gahnite-franklinite exsolution 
intergrowth.     Photomicrograph shows   a very  fine- 
grained  regular oriented exsolution  texture   (Type 
C).     Reflected polarized  light,   oil   immersion.     The 
length of  the bar scale   is  10  pm.     Sample  6-D. 
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In Sample Scries 4, TYPE A and TYPE B intcrgrowthr. occur in 
the same crystal of spinel (Fig. 10).  Locally, where large inclu- 
sions are present, the smaller exsolution bodies are absent. 
Although the classical explanation for such a texture involved a 
2-stage cooling history with the large inclusions formed at ele- 
vated temperature and the fine exsolution bodies formed at much 
lower temperatures, it is possible to explain the texture on the 
basis of a single-stage cooling.  The latter explanation is more 
compatible with modern ideas on diffusion in the solid state. 
The large gahnite bodies presumably nucleated and grew at high 
temperature (T ).  Such growth involves the diffusion of aluminum 
through the lattice of the franklinite host to the growing gahnite 
inclusions.  As the temperature decreases, the rate of diffusion 
decreases exponentially, and the composition of the host increas- 
ingly deviates from equilibrium.  At some lower temperature (T ), 
the franklinite, which contains a nonequilibrium excess of aluminum, 
would spontaneously break down through multiple nucleation centers 
for gahnite to form the TYPE B exsolution texture. 
In Sample Series 6, all three types occur together in the 
same crystal.  The above interpretation may be applied again.  At 
some lower temperature (T , T less than T. ) , the franklinite host 
again contains a nonequilibrium excess of aluminum and spontaneously 
breaks down to form the TYPE C exsolution texture. 
The textures of Series 4 and 6 will be discussed further after 
the electron microprobe data is presented. 
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Figure 10.     Photomicrograph of gahnite-franklinite exsolution 
intergrowth.     Note  the  absence of Type  B  exsolution 
bodies   (2  to  5  um gahnite  crystallites)   in proximity 
to  the Type A exsolution bodies   (20  to  25 ym gahnite 
crystallites).     Reflected polarized  light.     The 
length of  the bar  scale  is 100  pm.     Sample 4-12. 
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In samples 3-1, 3-2, 3-3, 6-1, and 6-F, only TYPE C inter- 
growths are present. TYPES A and C occur in single crystals of 
3-4 and 3-5. 
Franklinito-Magnetite Exsolution Intergrowths 
Samples 5-1 and 5-2 are gahnite crystals each approximately 
5 cm in length.  The gahnite is highly fractured and is translucent 
in pale to dark green.  Opaque bodies up to 1 mm in size are 
scattered through the gahnite but constitute less than 5% of the 
total volume of the crystal.  These opaque grains consist of an 
exsolution intergrowth of magnetite and franklinite in which the 
topotactic plane is (100).  Where the two spinels are of equal 
abundance, the magnetite occurs as two perpendicular sets of lamellae 
(Fig. 11).  Where magnetite is the dominant phase, franklinite occurs 
as thin oriented lamellae in the magnetite host (Fig. 12).  Some of 
the opaque bodies consist of very regular oriented intergrowths of 
franklinite and magnetite which show two and three sets of lamellae 
depending on orientation (see also Figures 13 and 14). 
Locally, hematite has selectively replaced the magnetite exsolu- 
tion lamellae (Figures 15 and 16), but in places, the hematite 
massively replaces both the franklinite and the magnetite (Fig. 17). 
The latter hematite commonly shows multiple twinning.  Secondary 
anhedral zincite (ZnO) is associated with hematite which has 
massively replaced the franklinite-magnetite intergrowth (Fig. 18). 
The ideal reaction (ZnFe^O. -> Fe O +ZnO) would account for this 
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Figure 11.  Photomicrograph of franklinite-magnetite exsolution 
intergrowth.  Photomicrograph shows magnetite 
lamellae (light phase) oriented in two directions 
at 90° in a franklinite host (dark phase).  Reflected 
polarized light, oil immersion.  The length of the 
bar scale is 20 ym.  Sample 5-2. 
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Figure 12.  Photomicrograph of franklinite-magnetite exsolution 
intergrowth.  Note that magnetite is the dominant 
phase.  Reflected polarized light, oil immersion. 
The length of the bar scale is 20 um.  Sample 5-2. 
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Figure  13.     Photomicrograph of  franklinite-magnetite  exsolution 
intergrowth.     Photomicrograph shows  lamellae  in 
three orientations.     Plane of polished  section 
approximately  normal  to   [ill].     Reflected polarized 
light,  oil   immersion.     The  length of  the bar scale 
is  15  Mm.     Sample   5-1. 
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Figure 14.     Photomicrograph of  franklinite-magnetite exsolution 
intergrowth.     Photomicrograph  shows  lamellae  in 
two orientations.     Plane of polished  section approxi- 
mately  normal   to   [lOOJ.     Reflected polarized  light, 
oil   immersion.     The  length of  the bar scale  is   15  pm. 
Sample  5-1. 
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Figure  15.     Photomicrograph of   franklinite-magnetite  exsolution 
intergrowth.     Note  that  hematite   (white)   has 
selectively replaced the magnetite.      Reflected 
polarized  light,  oil   immersion.     The  length of  the 
bar scale  is  15  pm.     Sample   5-2. 
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Figure 16.  Photomicrograph of franklinite-magnetite exsolution 
intergrowth.  Note that hematite has selectively 
replaced the magnetite.  Reflected polarized light, 
oil immersion.  The length of the bar scale is 
10 pm.  Sample 5-2. 
34 
Figure  17.     Photomicrograph of  franklinite-magnetite  exsolution 
intergrowth.     Note   the hematite  massively  replaces 
the entire  intergrowth.     Reflected polarized light, 
oil  immersion.     The length of the bar scale  is 
20 pm.     Sample  5-2. 
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Figure 18.     Photomicrograph of  franklinite-magnetite exsolution 
intergrowth.  Photomicrograph shows secondary zincite 
(Z) associated with twinned hematite (H)•  Reflected 
polarized light, oil immersion.  The length of the 
bar scale is 10 ^gm.  Sample 5-2. 
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development of secondary zincitc.  Secondary zincite resulting from 
the tephroitization of willemite by manganese-rich hydrothennal 
solutions has been reported at Sterling Hill (Metsger et al., 1958). 
A pervasive Late post-metamorphic hydrothermal event may have been 
responsible for the development of secondary zincite through 
hematitization of franklinite and tephroitization of willemite. 
Frondel and Klein (1965) reported the occurrence at Franklin 
of hematite lamellae in franklinite and in zincian magnetite.  They 
interpreted the hematite lamellae as exsolution bodies.  The 
lamellae showed the same orientation and morphology as the 
magnetite-franklinite intergrowth reported here.  Inasmuch as 
hematite was observed in this study to selectively replace the 
magnetite lamellae, it is more likely that Frondel and Klein 
observed a franklinite-magnetite intergrowth in which the magnetite 
lamellae were selectively oxidized to hematite.  There is no known 
solid solubility of hematite in magnetite and, therefore, exsolution 
intergrowths of magnetite and hematite are improbable. 
Three sets of minute oriented lamellae of a distinctly aniso- 
tropic phase with the color and reflectivity of franklinite were 
found in the magnetite exsolution bodies in the franklinite which, 
in turn, occurs as opaque inclusions in the large gahnite crystals 
(Figures 19 and 20).  Extinction occurs 4 times in a 360  rotation 
of the stage when the lamellae are parallel to the N-S or E-W 
directions.  Maximum illumination occurs at the 45  positions. 
The electron microprobe analysis of this phase indicates that it 
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Figure 19.  Photomicrograph of franklinite-magnetite exsolution 
intergrowth.  Photomicrograph shows oriented exsolu- 
tion lamellae of an anisotropic mineral with the 
composition of jacobsite in the magnetite lamellae. 
The "jacobsite" lamellae do not have the same orienta- 
tion with respect to the franklinite.  Reflected 
polarized light, oil immersion.  The length of the 
bar scale is 20 urn.  Sample 5-2. 
38 
Figure  20.     Photomicrograph  of  franklinite-magnetite  exsolution 
intergrowth.     Photomicrograph shows oriented exsolu- 
tion  lamellae of an  anisotropic mineral with  the  com- 
position of  jacobsite   in the magnetite  lamellae. 
The   "jacobsite"   lamellae do  not have  the same 
orientation with respect  to the magnetite as the 
magnetite lamellae have with  respect to the 
franklinite.     Reflected polarized light,   oil   immersion. 
The length of the bar scale  is 8 um.     Sample  5-2. 
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has the composition of jacobsito (MnFe 0 ) although it is clearly 
not a cubic spinel based on its optical properties.  Furthermore, 
the lamellae of this phase are oriented at a high angle with respect 
to the magnetite lamellae, and are, therefore, not oriented parallel 
to the common (100) plane of the magnetite-franklinite intergrowth. 
It seems likely that this anisotropic phase is oriented on (111) or 
(110) of the magnetite.  Mason (1947) has shown that, in the 
Quaternary system (Fe„0 -Mn„0 -ZnFe„0 -ZnMn„0.), (magnetite- 3434 24 24 
hausmanite-franklinite-hetaerolite),   virtually  all  compositions  are 
cubic  above  1000  C but  that below  1000  C the high   iron  compositions 
are  cubic  and  the high manganese  compositions  are  tetragonal. 
Furthermore,   manganese-dominated  compositions low  in zinc  consist 
of an oriented exsolution  intergrowth of  jacobsite   (cubic)   and 
hausmanite   (tetragonal)   and manganese-dominated compositions  high  in 
zinc consist of an oriented exsolution  intergrowth of   franklinite 
(cubic)   and hetaerolite   (tetragonal).     The  former   intergrowth   is 
known as  vredenburgite  and  the latter   intergrowth  is  known  as 
zincian  vredenburgite.     The  tetragonal  phase  exsolved  on  the   (111) 
plane of  the  cubic host.     Alpha Vredenburgite,   as  reported by 
Mason   (1943),   is  a  homogeneous  phase with a  composition   (Mn,Fe)   0 
and Mn/Fe atomic  ratio    of approximately  2.     It occurs as a 
pseudomorph after bixbyite and  is  interpreted as a mctastable phase 
inasmuch as  the  equilibrium phases  for  that  composition  should be 
an  exsolution  intergrowth  according  to  experimental  work and 
natural  exsolution intergrowths. 
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RESULTS OF ELECTRON MICROPROBE ANALYSIS 
Gahnite, franklinito, and gahnitc-franklinitc intergrowths 
were analyzed for Fe, Zn, Mn, Al, Ti, and Mg with an ARL electron 
microprobe equipped with three spectrometers by wavelength-dispersive 
methods using an accelerating voltage of 15KV and a sample current 
of 0.05 microamperes.  Counting times for WDS quantitative analysis 
were thirty seconds.  When the EDS system was used for quantitative 
analysis, counting times were between one hundred and two hundred 
seconds.  Standards used were 1) ilmenite from the Ilmen Mountains, 
USSR (US National Museum No. 96189) which contains 36.43 wt. % Fe, 
27.40 wt. % Ti, and 3.87 wt. % Mn by wet chemical analysis,„2) a 
synthetic single crystal of ZnO, and 3) a synthetic single crystal 
of MgAl O .  An on-line computer system (NS-880, Tracor Northern) 
was programmed to automatically set the spectrometers and acquire 
data.  Programs used appear in Appendix I.  All raw data were 
corrected for atomic number, absorption, and fluorescence effects 
by means of a ZAF correction program developed by Tracor Northern. 
A complete (corrected) chemical analysis for five elements was 
acquired in less than three minutes and a six-element analysis in 
approximately four minutes. 
Franklinite 
Electron microprobe analysis of optically homogeneous frankli- 
nite grains devoid of any gahnite exsolution bodies are given in 
Table 2.  Total iron is expressed arbitrarily as Fe O , zinc as ZnO, 
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Table   2.     Electron  Microprobc  Analyses  of  Optically 
Homogeneous  Franklinite  Grains   from  Sample  Series  No.   6 
(1) (2) (3) (4) (5) 
Fe2°3 73.3 69.7 72.2 76.7 72.6 
ZnO 19.3 20.6 18.5 16.9 19.6 
MnO 7.8 10.1 8.7 8.5 10.1 
A1203 1.5 1.7 1.9 1.2 1.1 
101.8 102.1 101.3 103.3 103.4 
Fe203/ZnO 3.8 3.4 3.9 4.5 3.7 
Atoms/100  Atoms 
Fe 
Zn 
Mn 
Al 
71 67 70 73 69 
18 19 18 16 18 
8 11 9 9 11 
2 3 3 2 2 
Tetrahedral Sites/32 Oxygen 
Zn 
Fe 
Mn 
Sum 
4.4 
1.4 
2.0 
7.8 
4.6 
0.6 
2.6 
7.8 
4.2 
1.3 
2.2 
7.7 
3.8 
1.9 
2.2 
7.9 
4. 3 
0.8 
2.6 
7.7 
Al 
Fe 
Sum 
Octahedral Sites/32 Oxygen 
0.5 0.6 0.7 0.4 0.4 
15.5 15.4 15.3 15.6 15.6 
16.0 16.0 16.0 16.0 16.0 
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Table 2 (cont'd.) 
FeO* 5.5 2.4 5.1 7.5 3.2 
Fe2°3 67.2 67.1 66.5 68.4 69.1 
Molecular Percentages of End Members 
ZnAl 0 3 4 5 3 3 
ZnFe 0 97 96 95 97        97 
NOTES:  Total iron expressed as Fe O . 
1. Sample 6A; average of 5 analyses. 
2. Sample 6B; average of 5 analyses. 
3. Sample 6C; average of 3 analyses. 
4. Sample 6E; average of 4 analyses. 
5. Sample 6G; average of 6 analyses. 
*See text for explanation. 
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manganese as MnO, and aluminum as Al 0 .  The calculated cation 
proportions based on one hundred cations are also given in Table 2. 
Squiller (1976) used an indirect method to calculate the amount 
of ferrous and ferric iron present in franklinitc.  The weight 
percent of each metal was divided by the appropriate atomic weight 
to obtain the atomic proportion.  The oxygen proportion was then 
calculated assuming all the iron is trivalent and then the cation 
proportions were normalized to 32 oxygen ions.  As outlined by 
Squiller (1976), zinc and manganese were assumed to be divalent and 
assigned to the tetrahedral sites; aluminum was assigned to the 
octahedral sites.  The remaining octahedral sites were filled with 
+3        . +2 
Fe  ; the residual iron was assumed to be Fe  and was assigned to 
+2 the tetrahedral sites.  Hence, the tetrahedral sites contain Zn  , 
Mn  , and Fe  and the octahedral sites contain Al  and Fe 
Squiller (1976) stated that this method of calculation is 
supported by the crystal-field stabilization energies of the cations 
+2   +3 involved.  It is well known that in the presence of Zn  , Fe  will 
be octahedral in the spinel structure. 
Also given in Table 2 is the molecular composition of the 
franklinite expressed as molar percentages of the end members gahnite 
and franklinite.  This is simply the atomic ratio of Al   to Fe   in 
+2 the octahedral sites and disregards the effect of Fe  and Mn on 
the exact composition of the spinel. 
44 
The homogeneous franklinites in Table 2 have a slightly higher 
iron content as compared to the average franklinite composition 
from Sterling Hill reported by Frondel and Baum (1974).  The 
franklinites reported here have a higher molecular percentage of 
+2 
magnetite (higher Fe  content) but are still considered frank- 
+2   +2 linite with (Zn >>Fe  ). 
It should be noted that no titanium was present in these 
optically homogeneous samples.  As will be discussed below, other 
franklinite grains which occur within 2 feet of these samples con- 
tain exsolution intergrowths with gahnite and contain up to 3.0 
weight percent TiO„. 
Of importance to this study is the amount of Al  present in 
these franklinites.  It appears that the franklinite structure can 
accommodate up to 2 weight percent Al_0  in solid solution.  This 
is in agreement with that reported by Squiller (1976). 
The composition of the optically homogeneous franklinite matrix 
of franklinites which contain exsolution bodies of gahnite are given 
in Table 3.  The bulk composition of Series 4 (discussed later) is 
relatively high in gahnite.  Because kinetics in this system become 
poorer as aluminum is added to the system, the development of a 
very fine matrix intergrowth of franklinite and gahnite was impeded. 
Electron microprobe analysis show that homogeneous franklinite 
grains devoid of any gahnite exsolution bodies lack TiO_ and contain 
less than 2 wt. % AlS)   .    Only franklinite with more than approxi- 
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Table  3.     Electron Microprobe Analyses of  the Optically 
Homogeneous  Franklinite  Matrix of  Franklinites which Contains 
30-50  ym and  2-5   um Exsolution  Bodies of  Gahnites 
(1) (2) (3) (4) 
Fe2°3 
ZnO 
MnO 
A1203 
MgO 
Total 
Fe203/ZnO 
58.6 61.3 57.5 61.2 
27.6 27.2 27.2 27.4 
8.6 8.0 9.5 7.4 
3.7 4.0 3.8 4.6 
0.9 0.2 0.2 0.7 
99.4 
2.1 
100.7 
2.3 
98.2 
2.1 
101.3 
2.2 
Atoms/100 Atoms 
Fe 
Zn 
Mn 
Al 
Mg 
57 
26 
9 
6 
2 
59 
26 
9 
6 
0 
57 
26 
11 
6 
0 
58 
26 
8 
7 
1 
Tetrahedral Sites/3 2 Oxygens 
Zn 
Fe 
Mn 
Sum 
6.4 6.2 6.3 6.2 
0.8 -0.4 -1.0 -0.2 
2.3 2.1 2.6 1.9 
7.9 7.9 7.9 7.9 
Al 
Fe 
Sum 
Octahedral Sites/32 Oxygens 
1.4 
14.7 
16.1 
1.4 
14.6 
16.0 
1.4 
14.6 
16.0 
1.7 
14.4 
16.1 
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Table 3 (cont'd.) 
FeO* 
Fe03 58.6       61.3        57.5        61.2 
Molecular Percentages of End Members 
ZnAl204 10 10 10 12 
ZnFe2°4 90 90 90 88 
NOTES:  Total Fe expressed as Fe O . 
*See text for explanation. 
Negative values for Fe in the tetrahedral site result from the manner 
of calculation and indicate an excess of Zn and Mn over that necessary 
to completely fill the tetrahedral site.  Thus, some Mn may be present 
as Mn+3 in the octahedral site.  All analyses taken from Squiller, 
1976. 
1. Sample 4-7; average of 13 analyses. 
2. Sample 4-12; average of 18 analyses. 
3. Sample 4-13; average t>f 18 analyses. 
4. Sample 4-16; average of 7 analyses. 
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matoly 2 weight percent Al O , which would correspond to 5 mole per- 
cent gahnite, contains gahnite exsolution bodies and TiO .  This 
strong correlation between Al and Ti suggest that the two elements 
were deposited together in the original sediment prior to mctamorph- 
ism. 
The ionic potential of an element or ion strongly influences 
its place of deposition in the sedimentary cycle (Mason, 1966). 
The ionic potential is simply a ratio of the charge of an ion to 
its radius (Z/r).  Although aluminum is trivalent and titanium 
tetravalent, the ionic potential of each is the same (5.9).  The 
ionic potential determines the solubility or insolubility of an 
+ 3      +4 ion in water.  Al  and Ti  in water will readily form an insoluble 
hydroxide and precipitate together. 
A strong partitioning of aluminum and titanium occurred during 
post-metamorphic cooling.  In a gahnite-franklinite intergrowth, all 
the titanium is incorporated into the franklinite (SS); titanium is 
essentially absent in the gahnite.  This is probably a result of a 
coupled substitution between iron, aluminum, and titanium.  In 
franklinite, a titanium ion can substitute for iron (+3) only if it 
+4 VI is balanced by divalent iron in the octahedral site (Ti  )   + 
,„ +24VI   ,„ +3,VI   ,  +3.VI ,       .    .  , (Fe  )   = (Fe )   + (Fe )  .  Because aluminum is trivalent, a 
+4 
coupled substitution in gahnite involving Ti  is not likely so that 
titanium (+4) is not incorporated into the gahnite structure.  Also, 
it is probable that titanium (+4) is more readily incorporated into 
the franklinite structure because its ionic radius is closer to Fe 
as compared with Al 
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Limited atomic  substitution of aluminum into   the  franklinite 
structure   is  possible  at  relatively  low  temperature due  to  the 
+ 3 +3 
similar  ionic  radii  and  the  same charge  of  Fe       and Al      •     The 
magnitude of  this  substitution   is  temperature  dependent  and   is   the 
mechanism  for  gahnite-franklinite  exsolution. 
Gahnite 
Electron microprobe analyses of gahnite,   the corresponding 
cation  proportions based  on  100  cations,   the octahedral  and  tetra- 
hedral   site occupancies,   the weight  percent  FeO  and  Fe O   ,   and  the 
molecular  composition based on  the  gahnite-franklinite binary  are 
given  in Tables 4  and  5.     The method of calculation was  the  same as 
that  used  for  franklinite. 
The gahnite of sample 6-1   (Table 4)   contains an average of 12.7 
weight percent Fe 0     in  solid solution   (F15G85).     The relatively 
large gahnite  exsolution bodies   (Table   5)   in  franklinite also  con- 
tain a  maximum  franklinite  content of  15 mole percent   (Sample 4-12). 
It appears  that  the gahnite structure can accept as much as  15 mole 
percent of  franklinite  in solid solution at  relatively low tempera- 
ture . 
Franklinite-Gahnite  Exsolution  Intergrowths 
Franklinite-gahnite  intergrowths were analyzed by broad-beam 
techniques  to determine the bulk composition of the original  homo- 
geneous  spinel.     Table  6 gives  the analyses of samples which consist 
of TYPE C   (very  fine-grained oriented)   intergrowths.     These  samples 
contain between 1.9  and 2.3  percent Al^O    by weight which corre- 
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Table  4.     Electron Microprobc Analyses of 
Discrete  Gahnite  Crystals 
(1) (2) (3) (4) (5) (6) (7) 
Fe 0 2 3 10.3 9.2 9.4 12.2 13.2 11.4 
10.9 
ZnO 40.7 41.5 41.7 39.6 40.1 41.1 41.2 
MnO 1.0 1.0 0.8 0.5 0.6 0.7 0.6 
A1203 48.4 49.3 48.4 47.0 47.4 47.7 48.4 
100.4    101.0    100.3     99.3    101.3    100.9    101.1 
Fe O /ZnO   0.3     0.2      0.2     0.3     0.3      0.3     0.3 
Atoms/100 Atoms 
Fe 8 7 7 10 10 9 9 
Zn 31 32 32 31 31 32 32 
Mn 1 1 1 0 1 1 1 
Al 60 60 60 59 58 59 59 
Tetrahedral Sites/32 Oxygens 
Zn 7.5 7.6 7.7 7.4 7.4 7.6 7.6 
Fe 0.1 0.1 0.1 0.3 0.4 0.1 0.2 
Mn 0.2 0.2 0.2 0.1 0.1 0.1 0.1 
Sum 7.8 7.9 8.0 7.8 7.9 7.8 7.9 
Octahedral Sites/32 Oxygens 
Al 14.2 14.4 14.3 14.0 13.9 14.0 14.2 
Fe 1.8 1.6 1.7 2.0 2.1 2.0 1.8 
Sum 16.0 16.0 16.0 16.0 16.0 16.0 16.0 
FeC* 0.5 0.5 0.5 1.4 1.9 0.5 1.0 
Fe2°3 9.8 8.7 8.9 10.6 11.1 10.9 9.8 
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Table 4 (cont'd.) 
Molecular Percentages of End Members 
ZnAl204 87 89 88 86 85 86 87 
ZnFe2°4 13 12 12 14 15 
14 13 
NOTES:  Total iron is expressed as Fe 0 . 
*See text for explanation. 
1. Sample 5-1, average of 2 analyses. 
2. Sample 5-1, average of 5 analyses. 
3. Sample 5-2, average of 5 analyses. 
4. Sample 6-1, average of 3 analyses. 
5. Sample 6-1, average of 3 analyses. 
6. Sample 6-H, average of 3 analyses. 
7. Sample 6-H, average of 3 analyses. 
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Table  6.     Broad-Beam Electron  Microprobe Analyses of 
Very  Fine-Grained Oriented  Exsolution  Intergrowth  of  Gahnitc 
and  Franklinite  Devoid of  Either  2-5  um or   30-50  um 
Exsolution  Crystallites of Gahnite 
(Area  Scanned:      32   uin x  40   wm) 
(1) (2) (3) (4) (5) 
Fe 0 2 3 73.9 78.4 71.4 66.7 66.7 
ZnO 18.5 13.7 18.3 20.4 21.7 
MnO 5.2 3.6 5.6 5.8 5.5 
A12°3 2.1 2.6 1.9 2.8 2.8 
Ti02 NA Tr NA 4.5 3.5 
Total 99.7 98.3 97.2 100.2 100.2 
Fe  0 /ZnO 4.0 5.7 3.9 3.3 3.1 
Atoms/100 Atoms 
73 78 72 65 65 
18 13 18 20 21 
6 4 6 6 6 
3 4 3 4 4 
0 0 0 4 3 
Fe 
Zn 
Mn 
Al 
Ti 
Tetrahedral Sites/32 Oxygens 
Zn             4.3        3.2        4.4 4.8 5.0 
Fe             2.2        3.5        2.0 1.8 1.3 
Mn             1.4        1.0        1.5 1.6 1.4 
Sum            7.9         7.7         7.9 8.2 7.7 
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Table 6 (cont'd.) 
Octahedral Sites/32 Oxygens 
Al 0.8 1.0 0.7 1.0 1.0 
Fe 15.2 15.0 15.3 14.0 14.2 
Ti — — — 1.0 0.8 
Sum 16.0 16.0 16.0 16.0 16.0 
FeO* 8.3 13.3 7.4 6.8 5.0 
Fe2°3 64.6 63.6 63.1 59.1 61.1 
Molecular Percentages of End Members 
ZnAl O.       5        7        5        7        7 
ZnFe.,0,,      95       93       95       93       93 2 4 
NOTES:  Total Fe expressed as Fe..O-. 
TR indicate trace amounts (less than 0.1%) 
NA indicates Not Analyzed 
1. Sample 3-1; average of 6 analyses. 
2. Sample 3-2; average of 9 analyses. 
3. Sample 3-3; average of 8 analyses. 
4. Sample 6-1; average of 6 analyses. 
5. Sample 6-F; average of 6 analyses. 
*See text for explanation. 
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sponds to a bulk composition for the original spinel of F93G7. 
Table 7 gives the broad-beam analysis of TYPE C intcrgrovtha 
at some distance (>100 pm) from the large gahnite exsolution bodies. 
The molecular percentage of gahnite in the intergrowth ranges from 
3 to 11.  This probably reflects the range in bulk composition of 
the original homogeneous spinels but it may in part be due to the 
uncertainty of selecting an area of the sample for analysis un- 
affected by the diffusion of Al   into the large gahnite exsolution 
bodies.  Clearly, the molecular proportion of gahnite in each ori- 
ginal homogeneous spinel obtained by broad-beam analysis of the 
intergrowth represents a minimum percentage of gahnite.  Table 8 
gives the broad-beam analyses of TYPE C intergrowths in proximity 
to the large gahnite exsolution bodies.  The molecular percentage of 
gahnite ranges from 4 to 8.  It is of interest to compare a broad- 
beam analysis taken in the vicinity of, and one taken at some dis- 
tance from a group of large gahnite exsolution bodies in the same 
sample to determine roughly the magnitude of the diffusion gradient 
for aluminum in the intergrowth.  The intergrowth in sample 6-2 
near gahnite exsolution bodies contains 2.8 weight percent Al O. 
(8 molecular percent gahnite) whereas the intergrowth in sample 
6-2 at a distance from the exsolution bodies of gahnite contains 
3.5 weight percent Al 0  (9 molecular percent gahnite).  Correspond- 
ingly, sample 6-H contains 2.9% Al.O  (7 molecular percent gahnite) 
near the exsolution bodies and 4.6% (11 molecular percentage of 
gahnite) at some distance from the gahnite exsolution bodies.  Thus, 
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Table  7.     Broad-Bean  Electron  Microprobe Analyses  of 
Very  Fine-Grained Oriented  Exsolution  Intergrowths  of Gahnite 
and  Franklinite  at  Some  Distance   (>100   pm)   From   30-50   un 
Exsolution  Bodies of Gahnite   (Area  Scanned:      32  inn x  40  urn) 
(1)                  (2)                  (3)                  (4) (5) 
FeO                      84.5               88.5               90.6               66.1 68.8 
ZnO                           9.8                 6.0                 8.5               20.5 20.8 
MnO                           0.6                 1.0                 1.3                 6.8 5.9 
Al   0                         2.3                 1.6                 1.3                 3.5 4.6 
TiO_                         0.9                 0.3                 NA                    2.6 1.1 
MgO                           NA                    NA                    0.1                 NA NA 
Total                   98.1              97.3            101.8              99.5 101.2 
Fe 0-/ZnO            8.6               14.8               10.7                  3.2 3.3 
Atoms/100 Atoms 
Fe           85       90       88       65 66 
Zn           10         6        8        20 20 
Mn            1118 6 
Al            4         2         2         5 7 
Ti            10         0         3 1 
Mg            0        0         0        0 0 
Tetrahedral Sites/32 Oxygens 
Zn           2.3      1.4      1.9      4.7 4.7 
Fe            5.6       6.3       5.6       1.2 1.6 
Mn           0.2      0.3       0.3       1.8 1.5 
Sum          8.1       8.0       7.8       7.7 7.8 
Octahedral Sites/32 Oxygens 
Al           0.9       0.6      0.5       1.3 1.6 
Fe          14.9     15.3     15.6     14.1 14.1 
Ti           0.2      0.1       0.0       0.6 0.3 
Sum         16.0     16.0     16.1     16.0 16.0 
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Table 7 (cont'd.) 
FeO* 20.8 23.2 21.5 4.7 6.3 
FG2°3 61.4 62.7 66.6 60.9 61.8 
Molecular Percentages of End Members 
ZnAl 04        6 4 3 9 11 
ZnFeJD,       94 96        97        91 89 2 4 
NOTES:  Total Fe expressed as Fe 0.. 
*See text for explanation. 
1. Sample 3-4; average of 2 analyses. 
2. Sample 3-5; average of 8 analyses. 
3. Sample 3-5; Squiller (1976). 
4. Sample 6-2; average of 3 analyses. 
5. Sample 6-H; average of 2 analyses. 
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Table  8.     Broad-Beam Electron  Microprobe  Analyses of 
Very  Fine-Grained Oriented  Exsolution   Intergrowths of  Gahnite 
and Franklinite  Contiguous  With  30-50   um  Exsolution  Bodies  of 
Gahnite   (Area  Scanned:     32  urn  x 40  um) 
Fe2°3 86.6 65.3 66.1 71.3 
ZnO 8.1 20.1 19.5 18.8 
MnO 0.5 6.7 7.4 5.8 
>S03 1.8 2.8 3.0 2.9 
Ti02 0.7 3.7 3.7 1.2 
Total 97.7 98.6 99.7 100.0 
Fe2°3/Zn° 10.7 3.4 3.4 3.8 
Atoms/100 Atoms 
Fe                                  88                         65                         65 70 
Zn                                   8                       19                        19 18 
Mn                                     18                           8 6 
Al                                     3                           5                           5 4 
Ti                                     14                           4 1 
Tetrahedral  Sites/32 Oxygens 
Zn                                  1.9                      4.4                      4.4 4.3 
Fe                                   5.9                      1.2                      1.2 1.7 
Mn                                  0.1                      1.9                       1.9 1.5 
Sum                                7.9                      7.5                      7.5 7.5 
Octahedral  Sites/32 Oxygens 
Al 0.6 1.1 1.1 1.0 
Fe 15.2 14.0 14.0 14.7 
Ti 0.2 0.9 0.9 0.3 
Sum 16.0 16.0 16.0 16.0 
FeO* 21.8 5.3 4.7 6.6 
F62°3 62.4 59.4 60.9 63.9 
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Table 8 (cont'd.) 
Molecular Percentages of End Members 
ZnAl 0 4 8 8 7 
ZnFe203 96        92 92 93 
NOTES:  Total Fe expressed as Fe 0 . 
*See text for explanation. 
1. Sample 3-4; average of 2 analyses. 
2. Sample 6-2; average of 4 analyses. 
3. Sample 6-D; average of 2 analyses. 
4. Sample 6-H; average of 5 analyses. 
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the areas adjacent to the large gahnite exsolution bodies are drained 
with respect to aluminum relative to areas of the sane crystal that 
do not contain the large gahnite exsolution bodies. 
Broad-beam analyses of franklinite containing 2-5 utn exsolution 
bodies of gahnite (TYPE B exsolution texture) are given in Table 9. 
If each analyses is considered to represent the bulk composition of 
an original homogeneous spinel before exsolution, each contained 
between 3.9 and 5.1 weight percent Al O which corresponds to a 
range in molecular composition between F89G11 to F87G13. 
Broad-beam analyses of franklinite containing 20-50 \i  gahnite 
exsolution bodies (scan: 400 x 500 microns) are presented in Table 
10.  The Al O content ranges from 4.7 to 6.8 weight percent and 
corresponds to molecular compositions between F88G12 and F80G20. 
In the suite of specimens analyzed in this study, the maximum 
gahnite content of any homogeneous spinel that subsequently exsolved 
a gahnite solid solution upon cooling is 20 mole percent.  This 
bulk composition will be used below to determine the minimum 
temperature of metamorphism of the ore body. 
Frank!inite-Magnetite Exsolution Intergrowths 
Samples 5-1 and 5-2 contain opaque bodies in gahnite and consist 
of regular oriented intergrowths of magnetite and franklinite. 
Electron microprobe analyses of the franklinite solid solution and 
the magnetite solid solution which constitutes these intergrowths 
are given in Table 11.  The iron and zinc content of the franklinite 
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Table   9.     Broad-Beam  Electron  Microprobe  Analyses  of 
Franklinite Containing  2   to  5  urn Exsolution  Bodies of  Gahnite 
(TYPE B Texture) 
(1) (2) (3) (4) (5) (6) 
Fe2°3 64.7 60.9 59.5 64.3 63.1 65.6 
ZnO 21.4 18.8 17.8 19.0 20.5 24.4 
MnO 6.5 5.7 5.8 5.8 6.6 7.3 
A1203 4.4 3.9 4.4 4.7 4.8 5.1 
TiG2 2.7 4.2 3.8 3.4 3.2 NA 
Total 99.7 93.0 90.8 97.2 98.2 103.2 
Fe203/ZnO 3.0 3.3 3.3 3.4 3.1 2.8 
Atoms/100 Atoms 
Fe 63        64        63 
Zn 20        19        19 
Mn 7 7 7 
Al 7 6        7 
Ti 3 4 4 
Tetrahedral Sites/32 Oxygen 
Zn           5.0      4.6 4.4 4.5 
Fe           0.6       2.0 1.8 1.2 
Mn           1.7       1.6 1.7 1.8 
Sum          7.3       8.2 7.9 7.5 
64 62 59 
19 20 24 
7 7 8 
7 7 8 
3 3 _ 
Octahedral Sites/32 Oxygen 
4.9 5.8 
0.9 0.2 
1.8 2.0 
7.6 8.0 
Al 1.6 1.5 1.7 1.8 1.8 1.9 
Fe 14.8 13.4 13.3 14.4 14.4 14.2 
Ti 0.6 1.1 1.0 0.8 0.8 - 
Sum 16.0 16.0 16.0 16.0 16.0 16.1 
FeO* 2.3 7.1 6.4 4.4 3.3 0.6 
Fe2°3 62.2 53.0 52.4 59.4 59.4 58.4 
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Tablo 9 (cont'd.) 
Molecular Percentages of End Members 
ZnAl 0 11       11       13       13      13       13 
ZnFe.,0, 89      89      87       87       87      87 2 4 
NOTES:  Total Fe Is expressed as Fe 0 . 
NA indicates Not Analyzed. 
*See text for explanation. 
1. 40 x 32 ym scan of Sample 6-2; average of 2 analyses. 
2. 80 x 100 urn scan of Sample 6-2. 
3. 120 x 150 pm scan of Sample 6-2. 
4. 120 x 150 pm scan of Sample 6-2. 
5. 40 x 32 jjm scan of Sample 6-D; average of 4 analyses. 
6. 40 x 40 pm scan of Sample 4-12 (Squiller, 1976). 
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(2) (3) ,  (4) (5) (6) 
53.6 52.9 63.9 65.8 68.9 
26.0 27.8 22.4 21.8 20.8 
7.2 10.0 5.9 5.0 5.2 
6.3 6.7 4.9 4.8 4.7 
1.4 3.4 4.5 3.2 1.2 
Table  10.     Broad-Beam Analyses of  20-50  \im  Exsolution  Bodies 
of Gahnite  in Franklinite   (Area Scanned:     400  x 500  urn) 
(1) 
Fe203 52.2 
ZnO 27.1 
KnO 8.1 
Al  0 6.8 
TiO 3.0 
Total 97.2              94.5            100.8            101.6            100.6            100.8 
Fe 0  /ZnO 1.9 2.1 1.9 2.9 3.0 3.3 
Atoms/100 Atoms 
Fe 
Zn 
Mn 
Al 
Ti 
51 54 50 62 64 66 
26 26 26 21 21 20 
9 8 11 5 5 6 
10 10 10 7 7 7 
3 1 3 4 3 1 
Tetrahedral Sites/32 Oxygen 
Zn 6.3 6.3 6.2 5.1 5.0 4.7 
Fe -0.5 -0.4 -0.8 1.4 1.6 1.8 
Mn 2.1 2.0 2.6 1.3 1.3 1.3 
Sum 7.9 7.9 8.0 7.8 7.9 7.8 
Octahedral Sites/32 Oxygen 
Al           2.6       2.4 2.5 1.8 1.7 1.7 
Fe          12.7     13.3 12.7 13.2 13.6 14.0 
Ti           0.7      0.3 0.8 1.0 0.7 0.3 
Sum         16.0     16.0 16.0 16.0 16.0 16.0 
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Table 10 (cont'd.) 
FeO* --       —       —       5.5      5.1      7.1 
FeO        52.2     53.6     52.9     57.8     58.9     61.1 
Molecular Percentages of End Members 
ZnAl204 20 18 20 14 13 12 
ZnFe2°4 80 82 80 86 87 88 
NOTES:  Total iron expressed as Fe 0 
Negative values for Fe in the tetrahedral site result from the manner 
of calculation and indicate an excess of Zn and Mn over that necessary 
to completely fill the tetrahedral site.  Thus, some Mn may be present 
as Mn+3 in the octahedral site. 
*See text for explanation. 
1. Sample 4-7; average of 9 analyses. 
2. Sample 4-12; average of 5 analyses. 
3. Sample 4-13; average of 10 analyses. 
4. Sample 6-2; average of 10 analyses. 
5. Sample 6-D; average of 6 analyses. 
6. Sample 6-H; average of 4 analyses. 
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Table 11.  Electron Microprobe Analyses of Franklinito- 
Magnetite Intergrowths and Their Constituent Phases 
(1) (2) (3) (4) (5) (6) (7) (8) 
Fe?0, 66.0 98.6 69.9 100.2 81.0 88.9 81.5 87.5 
ZnO 26.0 0.6 0.6 0.0 13.8 11.4 12.8 11.8 
MnO 4.1 1.0 29.3 0.0 4.2 1.7 2.8 1.3 
A1„0, 2 3 1.6 0.7 0.6 0.1 1.2 1.4 2.0 1.2 
TiC0 3.5 2.1 1.8 0.3 2.6 0.3 0.4 0.2 
Total 101.2 103.0 102.2 100.6 102.8 103.7 103.1 102.0 
Fe203/2nO 2.5 164.3 116.5 -- 5.9 7.8 6.4 7.4 
Atoms/100 Atoms 
Fe 65 95 66 100 78 85 81 85 
Zn 25 1 1 0 13 11 12 11 
Mn 5 1 31 0 5 2 3 1 
Al 2 1 1 '  0 2 2 3 2 
Ti 3 2 2 0 3 0 0 0 
Tetrahedral Sites/32 Oxygen 
Zn 6.0 0.1 0.1 
Fe 1.1 7.4 0.3 
Mn 1.1 0.3 7.5 
Sum 8.2 7.8 7.9 
3.1 2.5 3.1 2.7 
3.6 4.7 3.8 4.8 
1.1 0.5 0.8 0.4 
7.8 7.7 7.7 7.8 
Al 0.6 
Fe 14.6 
Ti 0.8 
Sum 16.0 
Octahedral Sites/32 Oxygen 
0.3 0.2 
15.2 15.4 
0.5 0.4 
16.0 16.0 
0.4 
15.0 
0.6 
16.0 
0.5 
15.4 
0.1 
16.0 
0.8 
15.1 
0.1 
16.0 
0.4 
15.5 
0.1 
16.0 
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14.1 18.7 14.7 18.6 
65.3 68.1 65.1 66.8 
Table  11   (cont'd.) 
FeO*              4.2 29.0 1.2 
FeO 61.4 66.3         68.6 
Molecular Percentages of End Members 
ZnFe„0„       05 1 46              35              45              36 2   4 
FeFe„0„        15 99 54              65              55              64 2   4 
NOTES:     Total  Fe  expressed as  Fe O   . 
*See  text  for  explanation. 
1. Franklinite Host,   Sample   5-2;   average of  2  analyses. 
2. Magnetite  Lamellae,   Sample  5-2;   average of  2 analyses. 
3. Anisotropic Lamellae  in Magnetite Lamellae,   Sample  5-2;  average 
of 9 analyses. 
4. Hematite  replacing Magnetite-Franklinite  Intergrowth. 
5. Broad-Beam Analyses of Magnetite-Franklinite  Intergrowth,   Sample 
5-2,    (Area  Scanned:     40  x  32  pm);   average of 6  analyses. 
6. Broad-Beam Analyses of Magnetite-Franklinite  Intergrowth,   Magnetite 
Lamellae Dominant,   Sample  5-2   (Area Scanned:     40  x  32  yn). 
7. Broad-Beam Analyses of Magnetite-Franklinite Intergrowth,   Sample 
5-1;   average of 4 analyses   (Area Scanned:     40 x  32 urn). 
8. Broad-Beam Analyses of Magnetite-Franklinite  Intergrowth,   Magnetite 
Lamellae Dominant,   Sample 5-1   (Area Scanned:     40 x 32  ym) . 
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is in general agreement with the average composition of discrete 
grains of franklinite from Sterling Hill (66Fe, 23Zn, llMn per 100 
atoms) as reported by Frondel and Baum (1974).  The magnetite lamel- 
lae contain minor amounts of Zn, Mn, and Al, and 2% TiO by weight. 
The anisotropic lamellae (Fig. 19 and 20), which occur as oriented 
exsolution bodies exculsively in the magnetite lamellae, have the 
composition of jacobsite and may be expressed as (Fe „Mn ,_)-,0. 
disregarding the minor amounts of Zn, Al, and Ti.  The iron content 
reported in the analyses may be slightly higher than the true value 
due to matrix effects from the magnetite host.  The depth to which 
X-rays are produced in the sample can be calculated by using an 
equation developed by Goldstein (1975): 
R  = K (En - En)/d = 1.4 um 
X       o    c 
Where     R    is  the  depth of  X-ray production 
E     is  the accelerating voltage   (15  KV) 
E     is  the average  critical excitation energy   (3.0 KV) 
d     is  the density of  the  sample which  is  estimated  as 
5.1  gm/cc 
I n    is 1.7 
K    is  0.076 
Using expressions developed by other investigators, values of 
0.9 and 0.6 microns for the depth of X-ray production were calculated. 
The lamellae are approximately 1 by 2 microns, and should be at least 
several microns deep.  The influence of the magnetite lamellae on 
the analyses should, therefore, be small.  An analysis of the hematite 
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replacing magnetite and franklinite showed that it contains minor 
amounts of Al and Ti (Table 11, analyses 4). 
Also reported in Table 11 are average broad-beam analyses of the 
franklinite-magnetite intergrowths.  In terms of bulk composition, 
there are two discrete types of intergrowths, namely, 1) a magne- 
tite-dominant intergrowth (M65F3 5) (Table 10, analyses 6 and 8), and 
2) an intergrowth in which both phases are present in approximately 
equal molar proportions (M55F45) (Table 11, analyses 5 and 7).  This 
suggests that there was limited diffusional interchange between 
volumes greater than 0.1 to 1 mm. 
At the peak, temperatures of regional metamorphism, the opaque 
bodies in the gahnite crystals were homogeneous zincian magnetite. 
Upon cooling, they broke up into an oriented intergrowth composed 
of a manganoan mangetite solid solution and a franklinite solid 
solution.  With further cooling, an anisotropic phase with the 
composition of jacobsite exsolved from the magnetite solid solution 
thereby depleting the magnetite solid solution in manganese so that 
it now consists of 99 mole percent FeFe_0..  If the magnetite- 
franklinite binary phase diagram was known, it would be possible 
to estimate the minimum temperature of formation of the original 
homogeneous spinel.  However, the equilibrium relationships in 
this system have not as yet been experimentally determined. 
Electron microprobe analysis of the exsolution intergrowths 
show that there was once a homogeneous spinel with a bulk composi- 
tion (M55F45).  Either the maximum temperature of unmixing is low 
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in  the system FeFe.O.-ZnFe.O.   relative to the system ZnFe.O -ZnAl.O., 2424 2424 
(solid curve  in  Fig.   21)   or the miscibility gap is  highly asynmotric 
toward  franklinite   (dashed curve  in   Fig.   21).     The magnetite  contains 
only 1 mole percent  franklinite whereas  the  franklinite contains  15 
mole percent magnetite  in  solid  solution.     This  suggests  that  the 
solvus  is  steeper on  the  franklinite  side of the binary. 
RESULTS   OF   EXPERIMENTAL WORK 
Background 
This  project was originally conceived as  a  study of  the geo- 
chemistry of franklinite-gahnite exsolution intergrowths  in  the 
Sterling Hill  deposit by electron microprobe analysis and applica- 
tion of these data as a geothermometer through  use of the appropriate 
sub-solidus binary phase diagram.     However,   a thorough search of the 
literature revealed that this diagram had never been experimentally 
determined.     Consequently,   the preparation of this diagram became a 
major objective of  this  study.     The mode of attack was to synthesize 
a  series of homogeneous spinels covering the entire  range of composi- 
tions on the  join ZnAl 0  -ZnFe_0.  at very  high  temperatures.     These 
were  then equilibrated at  lower temperatures under hydrothermal con- 
ditions  in order to  unmix the solid solution spinels.     The composi- 
tion of the co-existing solid solutions was determined by X-ray 
powder diffraction methods. 
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Figure  21.     Theoretical  solvus  in the system FeFe_04-ZnFe O 
based on electron microprobe analyses or mag- 
netite-franklinite exsolution  intergrowths.     See 
text  for explanation. 
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Synthesis of Homogeneous Spinels on the Join ZnAl 0.-ZnFe_0. 
Homogeneous spinels representing the pure end members as well 
as intermediate compositions on the join ZnAl 0 -ZnFe 0 were 
synthesized by mixing SPEX high-purity oxides (ZnO 6-9's; AljO-, and 
Fe O 5-9's) under acetone in the appropriate proportions.  The 
o 
mixture was then placed in a ceramic boat and subjected to 900 C 
for two weeks in an attempt to synthesize pure gahnite (ZnAl O ) and 
pure franklinite (ZnFe O )•  X-ray powder diffractometry of the pro- 
ducts showed incomplete reaction.  The mixture was then pelletized 
to increase surface contact between the particles and subjected to 
1000 C for one week.  Again, X-ray powder diffractometry revealed 
the presence of unreacted oxides. 
It was obvious that higher temperatures were needed to insure 
complete reaction of the starting oxides.  Therefore, a vertical 
tube furnace capable of attaining temperatures between 1300 and 
o 1400 C was used.  Selection of a suitable reaction vessel became 
a problem.  Ceramic crucibles could not be used because of the 
increased temperature.  High-temperature crucibles such as platinum 
and molybdenum present a problem because of possible uptake of iron. 
One way to minimize this problem would be to react a Pt or Mo 
crucible with excess iron oxide at 1300 C and thus create a "satu- 
rated skin" on the crucible with respect to iron.  However, a 
superior method for minimizing the selective loss of iron with 
these methods is to reduce the contact area between the crucible 
and the oxide mix.  This is possible by hanging the pellets on a 
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platinum-rhodium thermocouple wire.  The amount of iron lost to 
the wire would be minimal.  The oxides were again mixed in various 
molar proportions corresponding to compositions ranging from pure 
gahnite to pure franklinite (100F, 90F, 85F, 80F, 75F, 70F, 65F, 
50F, 30F, 10F, OF).  Emphasis was placed on the franklinite end of 
the binary because the natural occurrences of the intergrowths are 
predominantly franklinite-rich solid solutions. 
The oxides were mixed by hand in a corundum mortar for fifteen 
minutes under acetone and then dried in an oven for thirty minutes 
at 50 C.  It was necessary to dry out the powder so that the pellets 
produced would have greater cohesive strength.  While each pressed 
pellet was still in the die of the press, a hole (1.6 mm in dia- 
meter) was made with a power drill through the middle of the pellet. 
At this point the pellets were still too fragile to withstand much 
handling.  It was necessary, therefore, to heat harden the pellets 
in a ceramic boat at 1000 C before stringing them on the Pt-Rh wire. 
After twenty-four hours at 1000 C the pellets were hard enough to be 
handled easily.  They were strung on the wire in a sequence such that 
identical compositions were in contact but different compositions 
were separated by a length of wire approximately 10 mm.  The total 
length of each assembly (wire plus pellets) was determined by the 
length of the hot zone (about 5 cm) in the furnace (see Fig. 22). 
Inasmuch as accurate temperature control in these experiments 
was of secondary importance, the length of the pellet assemblies 
typically exceeded the length of the hot zone.  By positioning a 
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Figure 22.  Pellet assembly on Pt-Rh wire, 
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thermocouple at various positions along the length of the furnace, 
it was possible to profile the hot zone.  Because the furnace was 
controlled to within ± 50°C and the pellets outside this hot zone 
experienced temperatures 30 C below the nominal controlled tempera- 
ture of 1300 C, actual temperatures to which the pellets were sub- 
o jected during the run ranged from approximately 1220 to 1380 C 
(1300 ± 80°C). 
After 48 hours  in air at high temperature,   the pellets were 
examined by X-ray powder diffractometry with CuK«  radiation at 
1  29/min to determine whether any reactants were  still present. 
Neither ZnO,   Al 0   ,   nor Fe_0    diffraction maxima were detected.     The 
products were also examined microscopically in polished section with 
incident plane-polarized light.     The results of both  X-ray powder 
diffractometry and optical microscopy indicated that each pellet 
was a  single-phase polycrystalline aggregate. 
Determination of Spinel  Composition by Measurement of Lattice 
Parameter 
An X-ray powder diffractogram was made of each synthesized 
homogeneous  spinel   to determine the unit cell dimension   (a   )   of 
the  solid solution with CuK«  radiation,   at  a  scan  rate of  *j  29/min. 
Silicon powder   (5-9's purity)   was used as an  internal  standard. 
The position  in  29 of diffraction maxima  indexed as   (220), 
(311),   (511),   and   (440)   were measured and  then converted to d-spac- 
ings  in X using CuK=   (A  =  1.5405A).     These d-values were entered 
into the computer program of Appleman  & Evans   (1973)   which produced 
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the  unit-cell  edge,   a   ,   through a  least-squares  fit of the data 
(Table 12).     The data  in Table  12 are  shown graphically  in Figures 
(   23  and  24. 
The values of a are plotted against composition in mole per- 
o /. 
cent in Figure 25.  A least squares linear regression was performed 
on these data to determine whether they can be represented by the 
equation of a straight line.  The correlation coefficient r for the 
a vs. composition curve is -.9966 (1 being a perfect linear rela- 
tionship).  The straight-line relationship can be expressed as: 
a = .0036X + 8.4423 (where X is the mole percent gahnite in solid 
o 
solution).  This equation was used to determine the composition of 
the spinel phases produced during the exsolution experiments de- 
scribed below. 
Dry Exsolution Experiments 
An attempt was made to exsolve the synthetic high-temperature 
homogeneous spinels at lower temperatures in air in horizontal tube 
furnaces at 650, 750, 800, and 850 C.  The synthetic spinels were 
placed in ceramic boats.  Runs lasted three months at 650 and 750 C 
and two months at 800 and 850 C.  The products were checked 
periodically, (about once a week) by X-ray powder diffractometry to 
determine if the homogeneous spinels had exsolved.  Splitting of the 
X-ray diffraction maxima was not detected even at the close of the 
full period of these runs.  Both the front- and back-reflection 
regions were scanned.  In the front-reflection region occur the two 
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Table   12.     Selected X-Ray  Powder  Diffraction Maxima 
From Synthetic High-Temperature Homogeneous  Spinels 
on   the Join  ZnFe.O.   -  ZnAl.O. 2  4 2  4 
Composition °20   (CuK»  = -   1.5405A) a   (X) 
o 
(Mole %) (220) (311) (511) (440) 
100F OG 29.92 35.24 56.65 62.18 8.440 
90F 10G 30.03 35.37 56.80 62.42 8.407 
85F 15G 30.09 35.43 56.99 62.53 8.396 
80F 20G 30.14 35.52 56.88 62.69 8.366 
75F 25G 30.27 35.63 57.16 62.95 8.353 
70F 30G 30.25 35.67 57.30 62.94 8.345 
65F 35G 30.32 35.72 57.55 63.19 8.323 
50F 50G 30.71 36.02 58.14 63.74 8.251 
30F 70G 30.87 36.40 58.60 64.40 8.175 
10F 90G 31.03 36.57 58.94 64.84 8.138 
OF 100G 31.23 36.83 59.31 65.23 8.085 
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strongest reflections (311 and 220), but the magnitude of the splitt- 
ing here would be small.  In the back-reflection region, the reflec- 
tions from (511) and (440) are weaker, but the magnitude of the 
splitting would be greater.  Even at very slow scan rates, however, 
no splitting of any of the diffraction maxima was detected irrespec- 
tive of the composition of the spinel. 
Hydrothermal Experiments 
Introductory Statement 
In view of the failure of the homogeneous spinels to exsolve in 
dry time-temperature experiments during the course of several months, 
a program of hydrothermal experimentation was undertaken.  It has 
long been known through experimental work that water at pressure and 
temperature serves to promote crystal nucleation and growth and to 
enhance the rate of approach to equilibrium.  The exact mechanism by 
which this is accomplished in the presence of aqueous fluids is not 
understood, but it apparently involves the solvent and transporting 
power of the hydrothermal fluid. 
Control of Oxygen Fugacity 
In the ideal binary system ZnAl O.-ZnFe.O., all iron has a 
valence of +3 and is localized in the octahedral sites of the spinel 
lattice.  Clearly, it is necessary to keep all of the iron fully 
oxidized as Fe  in order to stay in this ideal system. 
The Hematite-Magnetite oxygen buffer was used to retain the 
iron as Fe  .  This buffer may be expressed as 2Fe Fe^ O.+SO «3Fe_ 0,. 2  4   2    2  3 
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Because of the thermal dissociation of water at elevated temperature 
and pressure, the fluid phase in the sample capsule is not pure water 
under hydrothermal conditions (2H 0 = 2H_ + 0_). 
The platinum capsules which hold the sample (charge) act as a 
semipermeable membrane and selectively permits the hydrogen to diffuse 
through the walls of the capsule.  Hence, the H derived by dissocia- 
tion from HO inside the Pt capsules and HO outside the Pt capsules 
diffuses through the Pt.  The hydrogen fugacity in the region of the 
buffer surrounding the platinum capsules is imposed upon the internal 
system (Eugster and Wones, 1962).  After the H  has equilibrated so 
that the fH is the same on either side of the Pt, the sample can 
be considered as a closed system to all components.  The oxygen 
fugacity then is set by the fixed fugacity of H , at that total 
pressure and temperature.  As long as some hematite and magnetite are 
present in the buffer, the system (charge) is unaffected by additions 
or subtractions of oxygen and hydrogen (Eugster, 1959).  Figure 26 
shows the position of the hematite-magnetite equilibrium curve as a 
function of fQ and temperature for 1 atmosphere total pressure.  An 
increase in total pressure (all runs in this study were made at 1 Kb) 
will result in a slight increase in f0  (Eugster and Wones, 1962). 
Methods and Technique 
To check on the degree of approach to equilibrium during the 
runs, two types of samples were run hydrothermally at each tempera- 
ture.  The first type was a synthetic homogeneous spinel with the 
composition 50F50G.  The second was a mechanical equimolar mixture 
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Figure 26.  Hematite-Magnetite buffer equilibrium as a 
function of fQ and temperature for 1 a tin. 
total pressure.  After Eugster and Wones, 
1962. 
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of two homogeneous spinels with the compositions 90F10G and 10F90G, 
respectively.  The bulk composition of the mechanical mixture was 
thus 50F50G.  Ideally, the attainment of equilibrium would be marked 
by the convergence of products from the two sets of samples. 
The mechanical mixtures were prepared by grinding in an auto- 
matic mortar and pestle under acetone for approximately one hour. 
This was necessary to insure intimate contact and uniform distribu- 
tion of the two homogeneous spinels.  The equimolar homogeneous 
spinel was not ground as fine because grain size should not affect 
exsolution significantly. 
Platinum tubing with a wall thickness of about 0.3 mm and an 
inner diameter of 3 mm was cut in 10 mm lengths for use as the 
charge (sample) container.  Gold tubing with a wall thickness of 
about 1 mm and an inner diameter of 8 mm was cut in 38 mm lengths 
for use as an outer container (Fig. 27).  All tubing was 1) subjected 
twice to a sonic bath with acetone for 10 minutes followed by a 
rinse with deionized water, 2) boiled in a 1:1 solution of HCl and 
HO for 10 minutes, 3) rinsed with deionized water several times, and 
4) annealed in a gas-fired burner flame for 10 minutes.  One end of 
each tube was crimped with a needle-nosed pliers and then sealed 
with a carbon-arc welder.  All seals were inspected visually under 
a binocular microscope for pin-holes and weld imperfections. 
The amount of water required for each tube depends upon the 
specific volume of water at high temperatures. Relative to room 
temperature, water expands three and a half times at 700°C and five 
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Figure 27.  Simplified view of capsule arrangement inside 
bomb.  After Eugster and Wones (1962). 
1) pressure vessel, 2) water, 3) gold tube, 
4) platinum charge capsule, 5) hematite- 
magnetite oxygen buffer, 6) charge. 
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times at 900°C (Kennedy and Holser, 1966).  Also, it is important to 
2 
know the volume of the platinum and gold tubes (V - iR 1).  The 
amount of water put into each capsule should just fill the con- 
tainer at the temperature of the run. 
Runs were made at 700°, 750°, 800°, 850°, and 900°C, and the 
amount of water put in the platinum containers was 15, 12, 10, 8, and 
6 milliliters, respectively.  For the corresponding temperatures, the 
amount of water in the gold tubing was 60, 55, 50, 45, and 40 milli- 
liters, respectively.  The volume of water in the noble-metal tubing 
need not be controlled with high accuracy, because both the platinum 
and the gold tubing will be subjected to external water pressure 
maintained by pumps which offsets the expansion of the water at 
elevated temperature.  The amount of water required in the gold and 
platinum capsules need only be sufficient to act as a flux during the 
runs. 
The appropriate amount of water was added to the platinum cap- 
sules with a calibrated syringe.  Approximately 80-100 milligrams of 
sample was packed into each capsule.  The open end was cleaned 
thoroughly to insure a good weld and then crimped, welded shut, and 
visually inspected for defects in the weld.  During welding, the 
capsule was partly submerged in water which served as a heat sink to 
prevent the water in the capsule from evaporating.  The capsules were 
then weighed, placed on a hot plate at 150°C for ten minutes and then 
reweighed.  A water loss due to an imperfect weld would result in a 
loss in weight.  If such a loss was observed, the capsule was opened, 
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the sample was removed, dried, and then repacked in another Pt tube. 
All tubes were flattened longitudinally slightly so that any 
collapse of the capsules during the run would be somewhat controlled. 
The outer gold capsules were filled with the appropriate amount 
of water and a small amount of the hematite-magnetite oxygen buffer 
which was composed almost exclusively of hematite.  One Pt capsule 
was added, then more buffer, a second Pt capsule was added, and, 
lastly, the tube was packed with buffer so that the Pt capsules were 
neither in contact with each other nor the outer gold capsule.  Each 
gold container was cleaned, crimped, and welded shut.  All were 
weighed and checked for water loss after welding as described above. 
The gold outer tubes were placed in a hydrothermal cold-seal 
cone-seat vessel with water, a filler rod was placed in the vessel, 
and then it was tightly sealed with a closure cap. The external 
furnaces were brought up to the appropriate temperatures.  All runs 
were made at 1Kb water pressure.  The accuracy of the furnaces range 
from ± 3 C.  The runs lasted nearly 2 days at 900 C, 7 days at 850 C, 
13 days at 800°C, 20 days at 750°C, and 37 days at 700°C (see Table 
13). 
Results of Hydrothermal Runs 
All samples were quenched in air by simply removing the hydro- 
thermal vessels from the furnace.  Due to the extremely sluggish 
kinetics of the system under study, any re-equilibration of the sam- 
ples to lower temperatures doing quenching is highly unlikely.  Each 
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capsule was weighed before being opened to determine if any loss of 
water occurred during the run.  The hematite-magnetite oxygen buffer 
in each capsule was examined optically.  At the higher temperatures, 
an estimated three-fourths of the hematite in the buffer was con- 
verted to magnetite; at the lower temperatures, the buffer remained 
very dominantly hematite. 
X-ray powder diffractograms were prepared from all the products 
at a scan rate of *j /minute.  High-purity silicon was used as an 
internal standard.  The samples were X-rayed initially with CuK« 
radiation, but due to the high fluorescence effects, the relatively 
short wavelength of Cu, and the fine-grained nature of the sample, 
peak splitting due to exsolution was difficult to resolve.  When 
FeK« radiation was used, the background was reduced markedly, and 
resolution was increased because of the relatively longer wave- 
length of FeK« radiation.  Peaks were read off the X-ray diffraction 
patterns in degrees  29 and then converted to d-spacings using X for 
FeK<* = 1.9373A.  Unit-cell edges of the coexisting spinels were 
calculated through the least-squares program of Appleman and Evans 
(1973).  By substituting a value for a  in the equation: 
X = a - 8.4423/- .0036, the composition of each spinel in mole 
percent gahnite (X) was determined through use of the unit-cell 
edge - composition diagram for the system ZnAl O.-ZnFeJD. (see Fig. 
25). 
The results of runs 1 through 10 are given in Table 13 and are 
shown graphically in Figure 28.  The solid circles and the open 
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Table 13.  Results of the Hydrothermal Exsolution Experiments 
in the System ZnAl„0. - ZnFe.O.. 2 4      2 4 
SS =  solid solution,  MM = equinolar mechanical  mixture 
of G10 F90(SS)   and G90 FlO(SS)   which  represents 
a  bulk  composition of G50  F5Q. 
RUN NO. 
STARTING 
MATERIAL 
TEMPERATURE 
(°C) 
DURATION 
(DAYS) 
PRODUCTS 
1 G35F65(SS) 700 37 G68F32 G16F84 
2 MM 700 37 G87F13 G12F88 
3 G50F50(SS) 750 20 G67F33 G22F78 
4 MM 750 20 G84F16 G12FB8 
5 G50F50(SS) 800 13 G66F34 G30F70 
6 MM 800 13 G84F16 G16F84 
7 G50F50(SS) 850 7 G68F32 G32F68 
8 MM 850 7 G83F17 G23F77 
9 G50F50(SS) 900 2 . G60F40 G35F65 
10 MM 900 2 G84F16 G23F77 
11 G30F70(SS) 700 72 G77F23 G15F85 
12 MM 700 72 G86F14 G15F85 
13 G20F70(SS) 750 38 G76F24 G20F80 
14 MM 750 38 G84F16 G17F83 
15 G35F65(SS) 800 45* G76F24 G24F76 
16 MM 800 45* G86F14 G22F78 
17 G35F65(SS) 850 14** G74F26 G28F72 
18 MM 850 14** G84F16 G28F72 
19 G35F65(SS) 900 11*** G72F28 G32F68 
20 MM 900 11*** G82F18 G32F68 
*Re<jround after 22  days. 
**Reground after  10 days. 
***Reground after 4 days. 
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brackets represent, respectively, the mechanical mixturo and the 
homogeneous spinels which were used as starting materials.  The 
arrows indicate the direction and degree of equilibration to a more 
stable composition and, for the homogeneous spinels, the degree of 
exsolutiori.  The arrow points represent the exact composition as 
calculated from the X-ray diffraction data.  The error involved is 
considered to be about ± 2 mole percent for the mechanical mixtures 
and ± 5 mole percent for the homogeneous spinels.  It is evident 
from Figure 28 that true equilibrium was not attained during the 
runs.  Ideally, the composition of the spinels in the mechanical 
mixtures and those formed by exsolution of the homogeneous spinels 
should converge at equilibrium to a common franklinite-rich solid 
solution and a common gahnite-rich solid solution.  It appears from 
Figure 28 that the rate of approach to equilibrium is slower at the 
gahnite (aluminum) rich end of the binary.  Furthermore, the data 
indicate that the maximum in the miscibility gap must lie above 
900°C. 
Five new hydrothermal runs were made at the same temperatures 
and pressure.  A homogeneous spinel and a mechanical equimolar mix- 
ture of spinels (F90G10 and F10G90) were used as the starting 
materials.  At 700 and 750 C a F70G30 homogeneous spinel was used as 
the starting material; at 800°, 850°, and 900°C, a F65G35 homogeneous 
spinel was used.  These samples were encapsulated in the same way as 
those used in preparation of the sample runs 1-10.  Run times were 
approximately doubled.  Runs made at 800 , 850°, and 900°C were 
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quenched,   ground in an agate mortar by hand,   and then  repacked  into 
new capsules and put back  into the  furnace. 
o All  the  products were  X-rayed with  CuK«  radiation at  »j /minute. 
Peaks were read off the  X-ray diffraction patterns  in degrees   26,   and 
then converted to d-spacings using \   (CuK«)   = 1.5405A.     Iron radia- 
tion was  not  necessary  due to the  improved  crystallinity of  the 
products,   i.e.;   the crystallite size of the products was  sufficient 
to yield  narrow peaks. 
The  least-squares program developed by Appleman and Evans   (1973) 
was used to calculate the unit-cell edge   (a  )   of the spinels.     The 
corresponding compositions were determined by means of Figure 25. 
The error in composition determination is considered  to be ±  2 mole 
percent  for the spinels  in the mechanical mixture and the exsolved 
franklinite-rich products of  the homogeneous  starting spinels,  and 
± 5 mole percent  for the gahnite-rich exsolution products of  the 
homogeneous  starting spinels.     Use of the inverse-lever rule  indi- 
cates  that on equilibrating to a more  franklinite-rich composition, 
the homogeneous  starting spinels would exsolve a relatively small 
amount of a ghanite-rich phase,  and,   as a result,   a larger error  is 
involved in determining the composition of this phase. 
The results of runs  11  through 20 are given in Table 13 and 
shown graphically on a temperature-composition plot in Figure  29. 
The accuracy of the position and shape of the solvus as  shown in 
Figure 29,   has been markedly improved because of  1)   longer  reaction 
times,   2)   improved kinetics,   inasmuch as  starting materials were 
more  franklinite-rich,   and  3)   starting compositions are closer 
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to the true equilibrium composition for a given temperature and 
pressure. 
The electron microprobe analyses of the natural spinels are in 
agreement with the experimental work.  These analyses show that 
natural homogeneous gahnite crystals contain up to 15 mole percent 
of franklinite in solid solution. Likewise, natural homogeneous 
franklinites contains up to 5 mole percent gahnite in solid sub- 
stitution.  As shown by the equilibrium diagram (Fig. 29), at 550 C 
for example, gahnite contains up to 15 mole percent of franklinite, 
but franklinite may contain no more than 7 mole percent of gahnite. 
Long-Term Dry Run 
In an attempt to determine the composition of the maximum in 
the miscibility gap, the critical temperature of mixing, Tc, being 
evidently greater than the normal calibrility of hydrothermal cold- 
seal vessels, ZnO, Al O , and Fe_0_ were mixed in the proportions 
required for the bulk composition F50G50.  The powder was pelletized 
and placed in a ceramic boat in air at 1 atm and 950°C for 1 week. 
After one week the sample was quenched and then X-rayed.  Some 
reactants were still present in the product, but most of the sample 
was made up of two spinels, each almost pure end members of the 
system ZnFe 0.-ZnAl_0..  Obviously, these phases did not represent an 
equilibrium assemblage, and may be ascribed to grain-boundary reac- 
tions.  The sample was then hand ground, pelletized, and put back 
into the furnace. After three weeks, no reactants were detected by 
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X-ray diffractometry.     Subsequently,   the samples were  X-rayed  inter- 
mittently.     The composition  shift of  the co-existing spinels over a 
4 month period  is   shown  in Figure  30.     It  is evident by comparison 
with Figure  29 that equilibrium has been approached,   but not yet 
attained.     The two phases  in equilibrium at 950 C  should have com- 
positions of F62G38  and F25G75 as deduced  from Figure  29. 
Note   that  the  franklinite-rich spinel   (Fig.   30)   changed  its 
composition very rapidly during  the first two weeks of the run while 
the gahnite-rich spinel  changed relatively  slowly.     This  reactivity 
of  the franklinite-rich spinel compositions relative to the gahnite- 
rich spinel compositions  is  in accord with what was observed  in the 
results of the 1Kb hydrothermal  exsolution experiments. 
Since the bulk composition of the natural  gahnite-franklinite 
intergrowths at Sterling Hill   is dominated by the  franklinite end 
member,   an accurate determination of the position and slope of the 
solvus   in T-X space on  the  franklinite-rich end of the diagram is 
necessary for  the purposes of  this  study.     In addition,   the equili- 
brium curve must be suitable for  use as a geothermometer.     Fortu- 
nately,   the slope and position of the solvus  is well constrained by 
the experimental  data and the slope on  the franklinite-rich side  is 
satisfactory for geothermometry.     The slope on the gahnite-rich 
side,  where  the solvus  is  not as accurately constrained,   is too 
steep  for use as a geothermometer. 
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APPLICATION OF ANALYTICAL AND EXPERIMENTAL RESULTS TO THE THERMAL 
HISTORY OF THE STERLING HILL ZINC DEPOSIT 
Previous Estimates of Temperature of Metamorphism of the Sterling 
Hill Deposit 
Frondel and Klein (1965) reported the occurrence of hetaerolite 
(ZnMn^Oj exsolution lamellae 2 to 10 microns thick and occasionally 2 4 
50 microns thick, in a franklinite (ZnFe O ) host from the Franklin 
Zinc deposit.  Hetaerolite exsolution lamellae are oriented parallel 
to (111) of the franklinite host (Ramdohr, 1960).  In places, the 
hetaerolite occurs as irregular blebs in the franklinite.  Each 
occurrence is associated with minerals high in Mn, such as tephroite 
(Mn SiO ) and manganosite (MnO).  No information was available as to 
the exact location of the specimens in the Franklin mine. 
Mason (1947) determined experimentally the phase-equilibrium 
diagram for the system Fe O.-Mn O.-ZnMn O.-ZnFe O..  The diagram was 
constructed from experimental runs on synthetic spinels and from 
careful examination of natural occurrences of the corresponding 
minerals (see Figure 31). 
As discussed by Mason (1947), the field ABCD is one of complete 
miscibility, the equilibrium phase at all temperatures being a spinel 
solid-solution with a cubic symmetry. (Ramdohr, 1969 suggests that at 
low temperatures a region of immiscibility may occur along the join 
ZnFe O.-FeFe O..  This latter view is supported by this study.  See 
franklinite-magnetite exsolution intergrowths.)  The field EFGH is 
also a single-phase field in which the equilibrium phase has a spinel- 
like structure which is distorted so that the symmetry is tetragonal. 
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However, the field CDEF represents an area of immiscibility below 
1000 C where two equilibrium phases coexist. At high temperature 
(above 1000 C) this field disappears.  Mason (1947) defined the 
isotherms in figure 31 down to 600 C by holding synthetic spinels 
at the appropriate temperature until equilibrium was attained. 
Measurement of the lattice parameters by standard X-ray powder 
diffraction techniques was used to determine the composition of the 
two co-existing phases. 
Because diffusion rates at temperatures below 600 C were exceed- 
ingly slow, Mason (1947) studied natural minerals to define the 
phase-equilibrium relationships below 600 C.  From measurements of 
the lattice dimensions of several mineral specimens containing two- 
phase intergrowths along the Fe O.-Mn.O. join, he determined the 
composition of the co-existing phases. Along the ZnFe O.-ZnMn O 
join he examined only one sample, so this area of the diagram at low 
temperature is not as well defined. 
Mason (1947) realized that the use of natural minerals to estab- 
lish the miscibility gap at low temperature is based on the assump- 
tion that true chemical equilibrium was attained.  He argued that the 
changes in temperature and pressure under geological conditions are 
generally so gradual that equilibrium should be continuously main- 
tained.  This may be particularly true during post-metamorphic cool- 
ing from the high-rank regional metamorphism under which these Zn-Mn- 
Fe spinels formed,  locally (on a scale of a few millimeters), equi- 
librium may indeed have been attained.  The writer believes, however. 
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that it is unlikely that equilibrium on a larger scale has been 
reached at Sterling Hill in view of the results of Squill or (1976) 
on the lack of intergranular chemical homogeneity in the franklinite 
at Sterling Hill. 
Frondel and Klein (1965) found that the bulk composition of 
five specimens from Franklin that consisted of intergrowths of 
franklinite and hetaerolite plot within the experimentally deter- 
mined part of the immiscibility region specifically between the 600 
and 700 C isotherms on the high Fe part of Mason's diagram.  Two 
electron probe analyses of co-existing hetaerolite and franklinite 
are plotted on the diagram of Figure 31.  Again, it was assumed that 
both the experimental diagram of Mason (1947) and the natural occur- 
rences represent true equilibrium conditions.  In addition, the 
effects of small amounts of Mg and Al and other cations, and the 
effect of pressure were ignored.  Frondel and Klein conclude that 
the minimum temperature of formation of the original homogeneous 
spinel was between 600 and 700 C. 
Takahashi and Myers (1963) assumed that the Franklin and Sterling 
Hill deposits formed from a hydrothermal ore-forming fluid, as opposed 
to metamorphism of a syngenetic metal-bearing sediment.  They 
attempted to define the physical conditions under which these deposits 
formed based on- thennochemical calculations.  They assumed that the 
system under consideration was closed and represented true equili- 
brium.  Nineteen possible reactions involving the major ore and 
gangue minerals are presented.  By defining the thermodynamic stabil- 
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ity between the reactants and the products, equilibrium boundaries 
for the reactions as a function of PQQJ'  P0O' PHOO' or PS? versus 
temperature were plotted.  Knowing the actual occurrence of certain 
minerals in the ore body, and assuming one of three total pressures, 
the temperature and partial pressures of C0_, 0-* HO, and S were 
estimated. 
They concluded that, if the ore bodies were formed under a 
total pressure between 700 and 1300 atmospheres, the temperature of 
formation would have been between 557 and 827 C. 
Peak Temperature of Metamorphism During the Grenville Orogeny 
If the progenitor of the Sterling Hill and Franklin Zinc 
deposit is assumed to be a geochemically unusual metal-rich carbonate 
mud in an otherwise normal sedimentary sequence, the peak tempera- 
tures and pressures reached during the Grenville Orogeny should be 
the same as those to which the zinc deposits were subjected.  There- 
fore, a study of the mineral assemblages in the paragneisses of the 
New York Highlands (part of the Precambrian sequence) defines the 
maximum rank of metamorphism reached by the Grenville metasediments, 
and the corresponding temperature, in turn, should be the peak tem- 
perature attained by the Sterling Hill Zinc deposit. 
The following assemblages are common in the paragneisses of the 
New York Highlands (Dallmeyer and Dodd, 1971): 
(1) Sillimanite-garnet-biotite 
(2) Sillimanite-cordierite-biotite 
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(3) Sillimanite-biotite-garnet-cordierite 
(4) Biotite-garnet 
These minerals are invariably associated with one or more of the 
following:  perthitic microcline, plagioclase, quartz, pyrrhotite, 
pyrite, graphite, and magnetite. 
If local equilibrium is assumed, an estimate of the conditions 
of me tamo rph ism such as temperature and pressure (PH-K)) can be n"**6- 
By comparing the naturally occurring minerals with experimentally 
determined univariant equilibrium boundaries on a P-T plot, a range 
of physical conditions in which the assemblages are stable can be 
defined (Fig. 32).  The presence of cordierite in the paragneisses 
sets both upper and lower limits for the PH-O during metamorphism. 
The association Mg-cordierite plus potassium feldspar is not stable 
above 5.5Kb between 700 and 815°C (Dallmeyer and Dodd, 1971).  Addi- 
tion of Fe results in a shift in the curve to lower pressure, so 
that 5.5Kb can be considered as a maximum value for the PH^O (curve 
1 in Fig. 32). At 750 C, the reaction Fe-cordierite going to alman- 
dine plus sillimanite plus quartz occurs at approximately 3Kb.  Addi- 
tion of Mg tends to raise the equilibrium boundaries.  Hence, 3Kb is 
considered to be a minimum value for the PH^O (curve 2 in Fig. 32). 
Inasmuch as muscovite is absent as a primary mineral in the para- 
gneisses, temperatures above the equilibrium breakdown curve, musco- 
vite plus quartz goes to potassium feldspar plus sillimanite plus 
water (3 in Fig. 32) must have been reached.  At a PH,O between 
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Figure 32.  Experimentally determined mineral equilibria for 
assemblage characteristic of paragneiss, after 
Dallmeyer and Dodd, 1971.  Aluminum silicate 
triple points; solid line, Richardson, et al. 
(1969), dashed line, Holdaway (1971).  AND, 
andalusite, KY, kyanite, SIL, sillimanite.  Numbers 
represent univariant equilibrium curves for parti- 
cular reactions, see text. 
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3 and 5.5Kb, the minimum temperature reached during metamorphisin 
must have exceeded 700°C.  It is interesting to note that curve 3 
intersects the curve representing the beginning of wet melting of 
rocks of bulk composition similar to these paragneisses at 700 C 
and 4Kb (curve 4).  This may explain the migmatitcs common in the 
Grenville metasediments (Dallmeyer and Dodd, 1971). 
Inasmuch as biotite and quartz co-exist in the paragneisses, 
an upper limit for the temperature of metamorphism can be established. 
Phlogopite and quartz are not stable above 815 C (curve 5).  As iron 
is added to the system, the upper thermal stability of biotite plus 
quartz decreases. Hence, temperatures of metamorphism are thought to 
be between 700 and 750°C (Dallmeyer and Dodd, 1971; Young, 1971). 
This temperature estimate is consistent with those reported by 
Frondel and Klein (1965) and Takahashi and Myers (1963) for the 
minimum temperature of formation of the Sterling Hill and Franklin 
deposits. 
THE MINIMUM TEMPERATURE OF METAMORPHISM OF THE STERLING HILL DEPOSIT 
Before the electron microprobe analyses of the gahnite-frankli- 
nite intergrowths can be applied to the experimentally determined 
phase-equilibrium diagram for the system ZnAl O.-ZnFe 0 , the valid- 
ity of such an approach must be assessed. 
The Effect of Pressure on the Experimental Phase-Equilibrium Diagram 
The experimental hydrothennal runs which were used to construct 
the solvus for the system ZnAl-O.-ZnFeJD., were all made at 1Kb water 
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pressure.  Dallmeyer and Dodd (1971) suggest that the Grenvillo 
metasedimentary sequence formed at a PH2O between 3.0 and 5.5Kb. 
This pressure difference, however, should have very little effect on 
the position and slope of the solvus because the effect of pressure 
on the compressibility of cubic close-packed structures such as 
spinel is minimal over this pressure range. 
Effect of Cationic Defects and Cationic Ordering 
Cationic defects and cationic ordering in crystals affect their 
stability.  Mason (1947) reported the occurrence of a homogeneous 
non-cubic metastable phase (Mn,Fe)?0_ which he termed «-vredenburgite. 
Based on the phase-equilibrium diagram determined by Mason, the 
stable assemblage for this bulk composition should be an intimate 
exsolution intergrowth of a tetragonal phase (hausmanite) and a cubic 
phase (jacobsite).  Van Hook and Keith (1958) suggest that «*- 
vredenburgite has cationic defects which stabilize this composition. 
This would explain the single homogeneous phase. 
It is difficult to assess the effects of cation defects and 
cation ordering on either the experimental or natural systems.  There 
is no evidence to suggest that these synthetic and natural spinels 
were either cation deficient or ordered.  In any event, the potential 
effect of these phenomena on the solvus in the franklinite-gahnite 
system should be very small. 
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Compositional Deviations From the Ideal System 
Because the spinel structure is one which permits extensive 
atomic substitution, the application of the ideal experimentally 
determined system to natural minerals involves a potential source 
of error, namely, the effect of cation impurities.  Microprobe 
analyses of gahnite-franklinite intergrowths reveal the presence of 
up to 4.5 weight percent TiO  (Sample 6-1) and up to 10.0 weight 
percent MnO (Sample 4-13).  Calculations have shown that up to 21.5 
weight percent FeO is present (Sample 3-5).  The effect of TiO_ in 
solid solution is to change the composition of the spinel from a 
gahnite-franklinite solid solution to a gahnite-franklinite- 
ulvospinel solid solution.  Likewise, the addition of MnO indicates 
the presence of the jacobsite end-member (MnFe O.).  The addition of 
+2 +3 
FeO indicates the presence of the magnetite (Fe Fe 0.) end member. 
The natural spinels can then be considered members of the ZnO-MnO- 
FeO-Fe 0.-A1 0 -TiO„ system.  The equilibrium phase relationships on 
many of the pertinent joins in the spinel system have not been 
determined experimentally because of the difficulty in controlling 
the oxidation state of the cations and the limited applicability of 
some systems.  Hence, it is impossible to evaluate the effect of 
these minor cations on the miscibility gap in the ZnAlJ3.-ZnFe._0 
system.  It is not unreasonable to anticipate, as a result of the 
presence of several minor cations in solid solution, a maximum error 
of ± 50 C for the minimum temperature of metamorphism. 
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Attainment of Equilibrium 
It is assumed that both the natural samples and the experi- 
mentally determined phase diagram represent equilibrium conditions. 
Both exsolution and diffusion reaction experiments were run siinul- 
taneously at the same temperature and pressure in the same hydro- 
thermal vessel.  This method of approaching the equilibrium solvus 
from both directions minimizes the problem of metastability.  The 
error involved in the experimentally determined position of the 
solvus in temperature-composition space is approximately ± 5 mole 
percent, which is largely due to the quality of the X-ray powder 
diffraction data which were used to determine the composition of the 
spinels in the runs. 
Samples of franklinite obtained from the Sterling Hill deposit 
show through their high intragranular chemical homogeneity that local 
equilibrium (scale of a few mm) was attained (Squiller, 1976) al- 
though intergranular homogeneity on a scale of about 0.5 cm was 
not. Thus, there appears to have been a close approach to local 
equilibrium for the deposit as a whole although the diffusional equi- 
librium volume in the deposit was extremely small. 
Samples which consist of very fine gahnite-franklinite inter- 
growths have an average bulk composition of F97G6.  For a spinel of 
this bulk composition to enter the two phase region in the ZnAl_0.- 
ZnFe.O system, equilibrium must have been maintained to temperatures 
o 
at least as low as 550 C (see phase diagram, Fig. 29). 
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Dallmeyer and Dodd (1971) on textural evidence, phase-rule 
considerations, and consistent elemental distribution coefficients, 
argue that the paragneisses of the Grenville metasedimcntary se- 
quence formed in at least local equilibrium. 
U-Pb ages from two zircon samples from the Canada Hill gneiss 
and the Storm King Granite of the New York Highlands indicate that 
the peak of metamorphism occurred about 1060 my ago (Dallmeyer 
40     39 
et al., 1975).  Incremental  argon/ argon ages on hornblende and 
biotite from many locations in the Grenville gneisses of the New 
Jersey and New York Highlands average 900 and 790 my, respectively. 
i 
Inasmuch as hornblende and biotite retain argon at temperatures 
below about 525 C (Hanson and Gast, 1967) and 325 C, respectively, 
it is suggested here that cooling of the Grenville rocks from about 
760 C (this study) to 325°C took approximately 270 million years 
(Fig. 33).  This is a cooling rate of 1.6 C per million years.  It 
is probable, therefore, that equilibrium was maintained in the 
spinels at Sterling Hill as a result of such a slow cooling rate and 
that the exsolution intergrowths are a reflection of this.  It is 
interesting to note that iron-nickel meteorites of the octahedrite 
group which contain a well-developed widmannstatten pattern record 
a cooling rate of 1 to 10 C per million years. 
Conclusion on Minimum Temperature of Metamorphism 
The most aluminous bulk composition found in this study for 
franklinite-dominated gahnite-franklinite intergrowths (Sample 
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Series 4)   is F80G20   (Table 10)   as determined by electron microprobc 
analysis.     A homogeneous  spinel with this bulk composition would 
enter the two-phase  field upon cooling at approximately 760 C 
(Fig.   29). 
It  is concluded  that the minimum peak temperature attained 
during the highest rank of regional metamorphism at Sterling Hill 
is  760° ±  50°C. 
PROPOSED NEW  MINERAL 
An iron-rich «-vredenburgite has  not been previously described 
in the literature.     The composition of this phase   (Fe  ,aMn  ,_),0. 
.bo      .iZ   J   4 
approximates that of jaoobsite (MnFe 0 ).  However, jacobsite is a 
cubic spinel, whereas the unknown phase is distinctly anisotropic 
suggesting that it is not isometric.  Also, it appears that this 
phase did not exsolve on the (100) of the magnetite host, which is 
the common plane of exsolution in cubic minerals.  Hausmannite 
(tetragonal) exsolution lamellae in a jacobsite (cubic) host are 
parallel to the (111) of jacobsite.  Hetaerolite (tetragonal) 
lamellae in a franklinite (cubic) host are parallel to (111) of 
franklinite (Ramdohr, 1969).  The unknown phase may have exsolved 
either on (111) or (110) of magnetite; by analogy, the plane of 
exsolution is most likely (111) of magnetite. 
Jacobsite is a cubic spinel having a nearly normal struc- 
ture (Butler and Bvlssem, 1962; Kfinig and Choi, 1968), and can be 
+2  +3 
written as Mn  (Fe )2°4'  Tne unknown phase found in this study 
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may have an inverse spinel-type structure which may be written 
[(Fe  )  (Fe Mn )  o ].  This structural distribution of ions of 
iron and manganese is in accord with their crystal field stabiliza- 
tion energies which show that Mn  has a much stronger preference 
+2     +3 for the octahedral site than either Fe  or Fe  .  Furthermore, this 
formula represents the same chemical composition as jacobsite. 
Extremely slow cooling of such a structure may result in ordering 
of the manganese and iron in the octahedral sites and, as a conse- 
quence, a decrease in the lattice symmetry.  Hence, a tetragonal 
phase with a composition approximating jacobsite may be possible. 
+3 
An alternative explanation may be that the presence of Mn  in 
the octahedral sites results in a tetragonal distortion (4 equi- 
distant nearest-neighbor oxygen ions forming a square and 2 equi- 
distant oxygen ions at a different interatomic distance) due to the 
Jahn-Teller effect so that the symmetry of the phase is no longer 
cubic.  Structurally, hausmannite with a spinel-type structure 
(Mn O ) may be expressed as [Mn  (Mn Mn  )0 ] (Gray, 1968).  How- 
ever, hausmannite is tetragonal due to the presence of the Mn 
cation in the octahedral site and the Jahn-Teller distortion. 
The name metsgerite is tentatively proposed for this mineral 
in honor of Robert W. Metsger, Geologist, New Jersey Zinc Company 
in recognition of his outstanding contributions to our understanding 
of the structural evolution of the Sterling Hill Zinc deposit. 
Ill 
REFERENCES 
Appleman, D. E. and Evans, H. T., Jr., 1973, JOB 9214:  Indexing and 
least squares refinement of powder diffraction data:  U.S. Gcol. 
Survey, Computer Contrib. 20, 67 p. 
Baker, R. D. and Buddington, A. F., 1970, Geology and magnetite 
deposits of the Franklin Quadrangle and part of the Hamburg 
Quadrangle, N.J.:  U.S. Geol. Survey Prof Paper 638. 
Butler, S. R. and Bussem, W. R., 1962, Magnetization of Mn Ferrite: 
J. Phys. Chem. Solids, V. 23. 
Callahan, W. H., 1966, Genesis of the Franklin-Sterling N.J. Ore 
Bodies:  Econ. Geol., V. 61, p. 1140-1141. 
Dallmeyer, R. D., 1974, Metamorphic history of the NE Reading Prong, 
New York and north New Jersey:  Journal of Petrology, V. 15, 
p. 325-359. 
Dallmeyer, R. D. and Dodd, R. T., 1971, Distribution and significance 
of Cordierite in paragneiss of the Hudson Highlands, southeastern 
New York:  Contr. Min. Pet., V. 33, p. 289-308. 
40   39 
Dallmeyer, et al., 1975, Incremental  Ar/ Ar ages of biotite and 
hornblende for the NE Reading Prong:  their bearing on late 
proterozoic thermal and tectonic history:  G.S.A. Bull., V. 86, 
p. 1435-1443. 
Eugster, H. P., 1959, Reduction and oxidation in metamorphism: 
Researches in Geochemistry, in Abelson, P. H. (ed.), V. 1, 
p. 397-426. 
Eugster, H. P. and Wones, D. R., 1962, Stability relations of the 
ferruginous biotite, annite:  Journal of Petrology, V. 3, 
p. 82-125. 
Frondel, C, 1972, The minerals of Franklin and Sterling Hill:  a 
check list:  John Wiley & Sons, New York, 94 p. 
Frondel, C. and Baum, J. L., 1974, Structure and mineralogy of the 
Franklin Zinc-Iron-Manganese Deposit, New Jersey:  Econ. Geol., 
V. 69, p. 157-180. 
Frondel, C. and Klein, C, 1965, Exsolution in Franklinite:  Am. 
Mineralogist, V. 50, p. 1670-1680. 
112 
Goldstein,   J.   I.,   1975,  Electron beam-specimen interaction in 
Geolstein,   J.   I.  and Yakowitz,  H.   (eds.).   Practical  scanning 
electron microscopy,  New York,   Plenum Press,   p.   49-94. 
Gray,  T.  J.,   1968,  Oxide spinels  in refractory materials:     High 
Temperature Oxides,  V.   5-IV,   Chapter 4,   p.   77. 
Hague,   J.   M.,   Baum,   J.   L.,   Harrmann,   L.  A.,   and Pickering,   R.   J., 
1956,  Geology and structure of the Franklin-Sterling area, 
N.J.:     Geol.   Soc.   of  Am.   Bull.,   V.   67,   p.   435-473. 
Hanson,   G.   N.   and Gast,   P.   W.,   1967,   Kinetic  studies  in contact 
metamorphic  zones:     Geochim.  Cosma.   Acta,   V.   31,   p.   1119-1153. 
HoIdaway,   M.  J.,   1971,   Stability of andalusite and  the alumino  sili- 
cate  phase diagram:   Am.   Journal of Sci.,   V.   271,   p.   97-131. 
Kemp,  J.  F.,   1893,   The ore deposits  at Franklin Furnace and Ogdens- 
burg,   N.J.:   N.Y.  Acad.   Sci.   Trans.,   V.   13,   p.   76-96. 
Kennedy,  G.   C.  and Holser,  W.   T.,   1966,   Pressure-volume-temperature 
and phase relations of water and carbon dioxide:     G.S.A. 
Memoir 97,   p.   371-384. 
Kflnig,   U.   and Choi,   G.,   1968,   X-ray and neutron diffraction in 
ferrites of Mn     .Zn.       . Fe 0.   type:     J.  Appl.   Cryst.,   V.   1, 
p.   124. (X)      U-X)     2 4 
Mason,   B.,   1943,   Alpha-vredenburgite:     Geol.   Foren.   Stockholm, 
Forhandl,   65,   p.   263-270. 
Mason, B., 1947, Mineralogical aspects of the system Fe O.-Hn O.- 
ZnFe 0.:     Am.  Mineralogist,  V.   32,  p.  426-511. 
Mason,   B.,   1966,   Principles of Geochemistry:     John Wiley  & Sons, 
Inc.,   N.Y.,   329 p. 
McSween,  H.   Y.,  Jr.,  1976,  Manganese-rich ore assemblages from 
Franklin,   New Jersey:     Econ.   Geol.,  V.   71,   p.   814-817. 
Metsger,   R.  W.,   Tennant,   C.  B.,   and Rodda,   J.   L.,   1958,  Geochemistry 
of the Sterling Hill zinc deposit,  Sussex County,   New Jersey: 
G.S.A.   Bull.,   V.   69,   p.   775-788. 
Metsger,   R. W.,   Skinner,  B.  J.,   and Barton,  P.  B.,  1969,  Structural 
interpretation of the Sterling Hill ore body,  Ogdensburg,  N.J.: 
Geol.   Soc. Am.  Abs.   Prog.,   Pt.   7,  p.  150. 
Nason, F. L., 1894, The Franklinite deposits of Mine Hill, Sussex 
County, N.J.: Am. Inst. Mining Metall. Petroleum Engineers, 
V.   24,  p.   121-130. 
113 
Palache, C, 1929, Paragenetic classification of the minerals of 
Franklin, N.J.:  Am. Mineralogist, V. 14, p. 1-18. 
Palache, C, 1935, The minerals of Franklin and Sterling Hill, 
N.J.:  U.S. Geol. Survey Prof. Paper 180, p. 1-135. 
Pinger,   A.   W.,   1950,   Geology of  the  Franklin-Sterling Area, 
Sussex County,   N.J.:      Internat.   Geol.   Cong.,   18th,   London, 
Pt.   VII,   p.   77-87. 
Ramdohr,   P.,   1960,   Die  Erzminerolien und  ihre Verwachsungen. 
Berlin,   835,   847,   859. 
Ramdohr,   P.,   1969,  The ore minerals  and their  intergrowths:     3rd 
ed.,   N.Y.   Pergamon  Press,   1169  p. 
Richardson, S. W. , Gilbert, M. C, and Bell, P. M. , 1969, Experi- 
mental determination of the kyanite-andalusite and andalusite- 
sillimanite equilibria; the alumino silicate triple point: 
Am. Journal of Sci. , V. 267, p. 259-272." 
Ridge, J. D., 1952, Geochemistry of the ores of Franklin, N.J.: 
Econ. Geol., V. 47, p. 180-192. 
Ries, H. and Bowen, W. C, 1922, Origin of the zinc ores of 
Sussex County, N.J.:  Econ. Geol., V. 17, p. 517-571. 
Spencer, A. C, Kummel, H. B., Wolff, J. E., Salisbury, R. D. , 
and Palache, C. S., 1908, Franklin Furnace Folio:  U.S. 
Geol. Survey Atlas 161. 
Squiller, S. F., 1976, The Geochemistry of Franklinite and associated 
minerals from the Sterling Hill Zinc Deposit, Sussex County, 
New Jersey:  Lehigh University M.S. Thesis, 231 p. 
Squiller, S. F. and Sclar, C. B., 1976, Geochemistry of Franklinite, 
Willemite, and Zincite from the Sterling Hill Ore Body, N.J.: 
Abstracts with Programs, V. 8, No. 6. 
Tdkahashi, T. and Myers, C. E., 1963, Nature of the ore forming 
fluid for the Franklin and Sterling Hill Deposits, New 
Jersey:  Symposium:  Problems of Ore Deposition, Prague, 
Geol. Survey of Czech., p. 459-465. 
Turnock, A. C. and Eugster, H. P., 1962, Fe-Al Oxides: Phase 
relationships below 1000°C: Journal of Petrology, V. 3, 
Pt. 3, p. 533-565. 
Van Hook, H. J. and Keith, M. L., 1958, The System Fe 0 -Mn O : 
Am. Mineralogist, V. 43, p. 69-83. 
114 
Wilkerson, A. S., 1962, The minerals of Franklin and Sterling Hill 
New Jersey Geol. Survey, Bull. 65. 
Young, D. A., 1971, PreCambrian rocks of the Lake Hopatcong area, 
New Jersey:  G.S.A. Bull. 82, p. 143-158. 
115 
APPENDIX I. Programs Used For Electron Microprobe 
Analyses 
The following program was used to analyze for Fe, Mn, 
Ti, Al, Mg, and Zn, using the EDS system for broad-beam 
qualitative analyses (Scan Area« 400X500 microns). Oxygen 
was calculated by difference. Counting times were 60 
seconds. 
200,1 SCAN 
200,2 >WT 0 
200,3 >AA(12) 0 10 60 
200,4 >WT 
200,5 FIT 
200,6 ZAF 7,15.0,K,0K=0,FE,K,.FEK.MN.K, 
.MNK,TI,K,.TIK.AL.K,.ALK.MG.K,.MGK, 
ZN.K,.ZNK 
200,7 »S BL=BL-6 
200,8 END 
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The following program was used to analyze for Pe, 
Mn, Ti, Al, Mg, and Zn, using the WDS system for point 
and broad-beam (Scan Areai J+0X32 microns up to 120X100 
microns) quanitative analyses. Oxygen was calculated by 
difference. Counting times were 30 seconds. 
201.1 TONY 
201.2 >WT 0 
201.3 DEF SVAR BGSW=0 
201,*+   >AA(12) 0 10 20 
201.5 PKCNT FEK 30.TIK 30.MGK 30 
201.6 PKCNT MNK 30,ALK 30 
201.7 PKCNT ZNK 30 
201.8 ZAP 7,15,FE,K,FEK,X.329,ZN,K, 
ZNK,X.752,MN,K,MNX,X.035,AL,K, 
ALK,X.27^,MG,K,MGK,X.1^1,TI,K, 
TIK,X.27^,0,K,0K=0 
201.9 *S BL=BL-8 
201.10 END 
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APPENDIX II. Electron Microprobe Analyses 
Most of the data presented in this text are aver- 
ages of a number of data. Individual analyses are pre- 
sented in this Appendix. All data was corrected for 
atomic number, absorption affects, and fluorescence, 
by means of a ZAF correction program developed by 
Tracor Northern. 
Frankl inite 
Sample 6A 
Fe203 73.3 73.9 73-8 74.1 73.6 
ZnO 19-6 18.9 19.7 19-3 19.1 
MnO 7-9 7^6 7.4 7-9 8.3 
A1203 1.5 1.6 1.5 1.4 1.6 
Sample 6B 
Fe203 69.8 70.1 70.2 68.8 69.7 
ZnO 20.1 20.5 20.4 20.7 21.3 
MnO 10.2 10.2 10.3 10.2 9.7 
A1203 1.5 1.8 1.7 1.7 1.6 
Sample 6C 
Fe203 72.4 71.9 72.2 
ZnO 17.1 19.3 19.0 
MnO 8.5 8.9 8.8 
A1203 1.9 1.9 1.9 
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Sample 6E 
Fe203 75-6 75*7 78.0 77.5 
ZnO 17.1 16.9 16.4 17.0 
MnO 9.1 8.4 8.2 8.1 
A1203 0.8 1.3 1.2 1.3 
Sample 6G 
Fe2°3 72.0 73-1 72.7 73.0 72.3 
ZnO 18.8 19.5 19-7 19.8 19.6 
MnO 9.4 10.1 11.4 9.6 10.1 
A1203 1.1 1.1 1.1 1.2 1.1 
Fe2°3 72.5 
ZnO 20.1 
MnO 9-9 
A1203 1.1 
Discrete Gahnite Crystals 
Sample 5-1 
Fe203 10.2 10.4 9.8 9.4 8.6 
ZnO 40.6 40.7 40.4 41.6 42.5 
MnO 1.0 1.0 1.1 1.0 1.0 
A1203 48.0 48.7 49.0 48.4 49.8 
Fe203 8.3 10.0 
ZnO 42.1 40.8 
MnO 1.0 1.1 
A1203 ^9.5 49.7 
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Sample 5-2 
Fe203 9.3 9.6 9.2 9.5 9.5 
ZnO 42.2 42.2 4l.7 41.7 40.6 
MnO 0.8 0.8 0.8 0.8 0.8 
A1203 48.4 49.9 49.4 46.0 48.1 
Sample 6-1 
Fe203 12.2 11.9 12.4 13.3 13.2 
ZnO 37.8 40.9 40.0 40.3 39-9 
MnO 0.4 0.4 0.6 0.6 0.6 
A1203 45.4 47.6 48.0 47.7 47.3 
Fe203 13.2 
ZnO 40.0 
MnO 0.6 
A1203 47.2 
Sample 6F 
Fe203 
ZnO 
12.5 10.8 10.9 10.0 11.8 
41.1 40.8 41.4 41.6 40.8 
MnO 0.7 0.7 0.7 0.5 0.6 
A1203 44.0 49.8 49.2 49.4 46.8 
Fe203 10.9 
ZnO 41.2 
MnO 0.7 
A1203 48.9 
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Gahnite Inclusions   (20 to  30 microns)   in Franklinite 
Sample M 
Fe203 12.0 11.6 11.4 12.3 12.7 12.3 
ZnO 38.8 38.8 39.1 37.1 37.1 37.1 
MnO 0.1 0.1 0.1 0.1 0.1 0.1 
A1203 50.1 50.6 48.4 50.6 48.5 50.4 
Sample ?-? 
Fe203 11.2 11.2 10.1 
ZnO 38.9 38.6 38.3 
MnO 0.2 0.2 0.2 
A1203 50.4 50.4 51.2 
Sample 6-2 
Fe203 8.0 8.3 7.7 9-2 8.5 8.5 
ZnO 40.7 40.8 41.5 40.4 40.6 40.4 
MnO 0.3 0.4 0.3 0.4 0.4 0.3 
A1203 53-0 52.7 52.2 51.0 53.1 52.8 
Sample 6-D 
Fe203 7.3 7.5 8.3 6.6 7.2 7.9 
ZnO 40.9 41.0 40.7 41.1 39-3 40.3 
MnO 0.4 0.4 0.4 0.4 0.4 0.4 
A1203 53.1 51-3 49.8 52.4 49.7 50.6 
Sample 6-H 
Fe203 10.5 10.2 9.9 10.7 10.3 9.5 
ZnO 39.6 40.0 40.1 41.4 40.4 40.1 
MnO 0.4 0.4 0.4 0.4 0.4 0.4 
A1203 47-9 48.2 48.8 49.0 48.1 49.6 
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Broad-Beam Analyses of Very Fine-Grained Uniform 
Gahnite-Franklinite Intergrowth Devoid of Either 
2-5 micron or 20-30 micron Crystallites of Gahnite 
(Scan Areai 40x32 microns) 
Sample 3-1 
Fe2°3 74.7 74.2 75.0 73-8 70.7 74.8 
ZnO 18.3 18.1 18.0 18.6 19.8 18.3 
MnO 5.2 5.4 5.4 5.2 4.9 5.0 
A1203 2.2 2.2 2.1 2.1 2.1 2.1 
Sample 3-2 
Fe2°3 77.6 79.2 78.6 77-9 78.6 78.6 
ZnO 13-9 13.1 12.7 14.5 13-9 13.9 
MnO 3.6 3.6 3.7 3.6 3.6 3.6 
A1203 2.4 2.4 2.3 2.8 2.8 2.6 
Ti02 Tr Tr • • • Tr • • • • • • 
Fe203 78.6 78.4 78.5 
ZnO 13.4 13.9 13.6 
MnO 3-7 3-6 3.5 
A1203 2.6 2.7 2.8 
Ti02 • • • Tr • • • 
Sample 3-3 
Fe203 71.8 71.6 71.1 71.2 71.8 70.7 
ZnO 18.1 17.6 18.5 17.9 18.5 18.6 
MnO 5.6 5.6 5*7 5.7 5.6 5.6 
A1203 1.9 1.8 1.9 1.9 1.9 2.1 
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Sample   3-3  (cont'd) 
Fe203 71.7 71.1 
ZnO 18.4 18.6 
MnO 5.5 5.6 
A1203 1.9 1.9 
Sample 6-1 <j 
Fe203 66.6 67.1 67.1 67.I 67.6 
ZnO 20.2 20.6 20.6 20.4 20.2 
MnO 5.9 5.8 5.6 5.6 5.8 
A12°3 2.9 2.6 2.8 2.7 2.8 
Ti02 4.6 4.4 4.1 4.4 4.6 
Fe203 64.9 
ZnO 20.3 
MnO 5.8 
A1203 3-1 
Ti02 ^.7 
Sample 6-F 
Fe2°3 67.1 66.2 66.7 
ZnO 21.7 21.9 21.5 
MnO 5-3 5.7 5.6 
A1203 2.8 2.7 2.9 
Ti02 3.0 3-9 3.6 
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Broad-Beam Analyses of Fine Exsolution Intergrowth 
of Gahnite and Franklinite Near Large (20-30 micron) 
Gahnite Inclusions (Scan Areai 40X32 microns) 
Sample 3 -4 
Fe2°3 86.7 86.5 
ZnO 7.9 8.3 
MnO 0.5 0.5 
A1203 1.9 1.6 
Ti02 0.8 0.6 
Sample 6. -2 
Fe203 65.1 64,7 65.5 65.9 
ZnO 19-9 20.3 19.8 20.2 
MnO 6.8 6.4 6.8 6.9 
A1203 2.8 3-0 2.7 2.5 
Ti02 3-7 3.8 3-7 3.7 
Sample 6- -D 
Fe203 65.9 66.2 
ZnO 19-6 19.3 
MnO 7.3 7.5 
A1203 3-0 3-0 
Ti02 3-7 3-7 
Sample 6- -H 
Fe203 70.7 70.0 71.4 72.5 71.7 
ZnO 19.1 18.9 19.2 18.2 18.6 
MnO 5.1 5.9 6.1 5.9 6.2 
A1203 2.7 2.6 3.2 3.0 3.0 
TiO, 0.8 1.0 1.3 1.5 1.5 
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Broad-Beam Analyses of Fine-Grained Exsolution 
Intergrowth of Franklinite and Gahnite Several 
Hundred Microns From Large (20-50 micron) 
Gahnite Crystallites 
Sample 3-5 
Fe203 90.5 88.9 89.1 88.7 86.0 86.9 
ZnO 4.5 4.6 6.2 5.0 8.0 7-7 
MnO 1.0 0.9 1.1 1.0 1.1 1.0 
A1203 1.3 1.4 1.6 1.4 1.9 1.9 
Ti02 0.3 0.3 0.3 0.4 0.3 0.3 
Fe203 89.0 88.9 
ZnO 5.9 5-7 
MnO 1.1 1.1 
A1203 1.5 1.8 
Ti02 0.3 0.4 
Sample •M. Sample 6-H 
Fe203 83.9 85.1 69.O 68.5 
ZnO 10.4 9.2 20.7 20.8 
MnO 0.5 0.6 5.7 6.1 
A1203 2.3 2.2 4.7 4.5 
Ti02 0.7 1.0 1.2 1.0 
Sample 6-2 
Fe203 67.4 65.9 64.9 
ZnO 20.0 20.7 20.9 
MnO 6.9 6.7 6.8 
A1203 3.4 3.2 4.0 
Ti02 2.8 2.4 2.7 
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Broad-Beam Analyses of Relatively Coarse-Grained 
2 to 5 micron Gahnite Crystallites in Fine Frankllnite- 
Gahnite Intergrowth (Scant 40X32 microns) 
Sample 6 -2 
Fe2°3 64.5 64.8 64.3* 59.5* 60.9** 
ZnO 21.3 21.4 19.0 17.8 18.3 
MnO 6.3 6.7 5.8 5.3 5.7 
A1203 4.4 4.4 4.7 4.4 3-9 
Ti02 2.7 2.7 3.4 3.8 4.2 
Sample 6- -D 
Fe20 61.7 61.9 64.0 64.6 
ZnO 20.7 20.8 20.1 20.2 
MnO 6.7 6.9 6.7 6.4 
A12°3 5.1 5.2 4.7 4.0 
TiO, 3.0 3.1 3-5 3-3 
Sample 6- -H 
Fe203 71.0 70.3 71.3 
ZnO 20.0 19.6 19.0 
MnO 4.8 6.2 5.3 
A1203 4.5 3.8 3-9 
Ti02 1.1 1.2 1.3 
*  Scan Areai 120X150 microns 
** Scan Area:  80X100 microns 
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Broad-Beam Analyses of Franklinite Containing 
Large Exsolution Bodies (20-50 microns) of Gahnite 
(Scan Areat 400X500 microns) 
Sample 4-7 
Fe203 51.8 51.9 53.^ 50.1 53-6 52.7 52.3 
ZnO 27.6 27-3 26.6 27.6 26.3 27.0 27.3 
MnO 8.4 8.4 8.2 8.0 8.3 7.9 7.9 
A1203 7.2 7.0 5.6 8.4 6.1 6.4 6.3 
Ti02 3.1 3.2 3-2 3.1 3.1 2.8 2.9 
Fe2°3 51-9 52.1 
ZnO 26.9 27.4 
MnO 7.8 7.9 
A1203 7.^ 6.7 
Ti02 2.7 2.8 
Sample 4-12 
Fe203 52.0 54.2 54.5 53.8 53.3 
ZnO 25.3 26.7 26.4 24.8 26.7 
MnO 7.5 7.4 7.0 6.9 7.0 
A1203 6.0 6.6 6.1 5.8 7-1 
TiO, 2.1 1.4 1.3 1.3 1.1 
Sample 4-13 
Fe203 53.8 52.6 52.6 53.2 53.^ 51.7 52.4 
ZnO 26.2 28.7 28.7 27.6 28.6 28.6 27.4 
MnO 10.3 10.2 9.9 10.3 10.0 10.2 9.9 
A1203 6.3 7.0 6.9 6.2 6.5 6.7 6.9 
Ti02 3-5 3.5 3.* 3.* 3.5 3.5 3.5 
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Sample 4-13  (cont'd) 
Fe203 53.0 53.3 52.9 
ZnO 27.1 28.1 26.8 
MnO 10.2 9.6 9.8 
A1203 6.8 6.4 7.2 
Ti02 3.4 3.4 3.2 
Sample 6-2 
Fe203 63.7 65.8 63.4 64.8 64.9. 
ZnO 22.9 21.6 22.8 22.3 22.3 
MnO 5.8 5.9 5.9 5.9 5.7 
A1203 5.1 3.2 5.7 4.0 4.4 
Ti02 4.5 4.5 4.5 4.7 4.7 
Fe203 63.8 64.0 63.O 62.4 63.5 
ZnO 22. 4 22.5 21.7 22.6 23.O 
MnO 5.9 5.9 6.2 5.9 5.7 
A1203 4.8 4.9 5.1 6.6 5.1 
Ti02 4.5 4.4 4.5 4.4 4.6 
Sample 6-D 
Fe203 66.6 65.7 65.9 66.2 64.9 65. .7 
ZnO 22.3 22.0 21.8 21.4 21.7 21, .5 
MnO 4.8 5.0 4.8 5.3 4.9 5. .1 
A1203 4.7 4.9 5.4 4.4 5.2 4. .1 
Ti02 3.3 3.2 2.6 3.3 3.4 3. .6 
Sample 6-H 
Fe203 .70.4 69.3 67.8 67.9 
ZnO 20.0 21.1 21.6 20.5 
MnO • 5.1 5-2 5.3 5.0 
A1203 4.4 4.0 5.1 5.3 
Ti02 1.2 1.2 1.2 
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1.0 
Electron Microprobe Analyses of Franklinite- 
Magnetite Intergrowths and Their Constituent 
Phases 
Frankl: inite (S ample 5-2) 
Fe203 66.3 65.7 
ZnO 25.2 26.8 
MnO 4.4 3.8 
A1203 1.6 1.6 
Ti02 3.6 3.4 
Ma,exLet: Lte (Sam pie 5-2) 
Fe203 98.7 98.5 
ZnO 0.6 0.6 
MnO 1.1 0.9 
A1203 0.7 0.7 
Ti02 2.3 1.9 
Anisotropic Lamellae in Magnetite Lamellae (Sample 5-2) 
Fe203 69.5 70.0 69.6  70.6  69.O  68.3 
ZnO 0.6 0.7 0.5   0.8   0.6   0.4 
MnO , 30.0 29.2 29.6  29.I  30.7  30.3 
A1203 0.6 0.6 0.5   0.7   0.6   0.7 
Ti02 1.9 1.7 1.6   1.4   1.9   1.9 
Fe203 70.9 66.5 74.7 
ZnO 0.5 0.4 0.6 
MnO 28.3 30.6 25.9 
A1203 0.6 0.5 0.7 
TiO~ 1.9 2.1 1.7 
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Broad-Beam Analyses of Franklinite-Magnetite 
Intergrowth, Sample 5-2 (Analyses 5i Table 11) 
Fe2°3 81.6 79.5 81.2 81.0 80.1 82.8 
ZnO 13.7 14.5 13.5 13.1 14.1 13.9 
MnO 4.2 4.4 ^.3 4.2 4.0 4.1 
A1203 1.2 1.1 1.2 1.2 1.2 1.2 
Ti02 2.4 2.6 2.7 2.6 2.8 2.6 
Broad-Beam Analyses of Franklinite-Magnetite 
Intergrowth, Sample 5-1 (Analyses 7.   Table 11) 
Fe2°1 81.7 80.2 83.0 81.1 
ZnO 12.5 13.** 11.7 13-6 
MnO 2.8 2.8 2.7 2.8 
A1203 2.0 1.9 2.0 2.0 
Ti02 0.2 0.2 0.2 0.2 
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